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Genetic mutation is a major contributive factor for the development of antibiotic 
resistance in bacteria. Much controversy remains as to whether this process results 
from random nucleic acid replication errors or active mechanisms which introduce 
site-specific changes that enhance survival against specific stress. The objectives of 
this study were to determine whether antibiotics could elicit target-specific mutations 
and analyze the combinatorial effects of various physical and physiological 
parameters on drug-induced resistance formation. 
The study approach involved a series of cross induction, screening and mutant 
competition assays in which the nature of phenotypic resistance selectable upon 
induction by different categories of antibiotic stress was compared to each other as 
well as the selection controls, followed by analysis of two reporter genes, rpoB and 
gyr A, in representative isolates recovered in different induction and selection 
conditions. 
Several interesting features regarding the factors that govern antibiotic resistance 
development were observed. Gentamicin and rifampicin resistance were in each case 
attributed to pre-existing but not cross-resistant mutants selectable without antibiotic 
induction; this background resistance rate remained constant in cross induction 
experiments, indicating that these sub-populations did not predispose further 
resistance development. Ciprofloxacin was the only agent which consistently 
elevated the rate of resistance to itself as well as other agents. Importantly, exposure 
to this drug for as short as 3 hours produced gyrA mutations in a population in which 
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spontaneous mutants were not recoverable, suggesting a mutagenic effect of this 
drug. 
Genetic profile analysis showed that all mutations in gyrA were confined to Ser83 
regardless of induction conditions. Likewise, rpoB mutations detectable in rifampicin 
resistant isolates displayed a fair degree of site specificity, with mutants exhibiting 
identical change recoverable before and after induction. These data are consistent 
with the idea that specific mutations exist prior to antibiotic induction, and that 
exogenous mutagenic pressure primarily alters the mutation rate but not site 
specificity, which appears to be defined by some intrinsic yet poorly defined cellular 
mechanisms. The finding that both basal and inducible mutation rate was not 
significantly altered during stationary phase was also contradictory to the current 
concept of stress-induced mutagenesis. 
Using a gene knock-out approach to probe the regulation of bacterial mutagenesis, 
deletion of recA, the SOS response determinant, resulted in failure to produce gyrA 
mutations, however, rifampicin resistant sub-population remained detectable in this 
mutant background. In contrast, deletion of mutS, a mismatch repair locus, resulted 
in an extremely high rate of gyr A mutations as well as emergence of rpoB mutants 
whose mutation site was predominantly located at codon 516. These findings 
suggested that the basal mutation profiles were also subjected to regulation by stress 
responses. 
In conclusion, findings in this study provided novel clues on the origin of antibiotic 
resistance gene mutations. Both intrinsic mutagenic constraints and stress-inducible 
responses define the variation in mutation frequency and site specificity in the 
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absence of antibiotic stress. Fluoroquinolones are the only antibiotic class which can 
exert further impact on the basal resistance profiles. These data have important 

































是次研究還敲除了兩個基因 recA 和 mutS 來找出控制兩個報告基因突變樣式的
決定性遺傳因素 O 引起 SOS 反應的 recA 被敲除後 ， gyrA 突變就沒有產生，但
利福平抗耐性的亞群仍然可被檢測出來 O 相反，鹼基配對錯誤修復系統的 mutS
被敲除後，環丙沙星抗耐性的出現率、 gyrA 及 rpoB 突變率高了很多，同時 rpoB





(t1uoroquinolones) 藥物是唯一能夠再進一步影響基礎抗藥性檔案的抗菌素 O 這
些數據對發展抑制微生物突變的策略有著重要的啟示 O
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Introduction 
Adaptive Mutation versus Spontaneous Mutation 
Adaptive mutation is a term coined in the original publication by John Cairns entitled 
"The Origin of Mutants" (Cairns, Overbaugh and Miller, 1988), which ignited a 
highly controversial debate over whether bacteria could actively introduce mutations 
at specific genetic loci so as to produce a mutant sub-population that exhibited 
survival fitness against specific stress (Foster, 1992). It is envisaged that active 
mutagenesis mechanisms that produce gene and codon-specific changes allow the 
host organism to acquire survival advantages under adverse consitions without the 
potential deleterious effects of concomitant mutations in the essential genes (Hall, 
1998). The theory of adaptive mutations significantly contradicts that of the 
principles ofNeo-Darwinism, which suggests that mutations occur randomly, 
producing genetic variants which may be acted upon by natural selection forces so 
that only the fittest of the population can survive. In other words, environmental 
conditions do not play a role in mutation formation, which should occur at a constant 
rate during nucleic acid replication. This 'spontaneous mutation theory' therefore 
dictates that micro-organisms cannot choose a specific genetic trait to alter in order 
to adapt to specific changes in the environment, and that from the perspective of 
micro-organisms, emergence of mutants is principally a passive process (Brisson, 
2003; Cairns and Foster, 1991; Foster, 1992). 
Fluctuation Test 
The experimental evidence which suggests the spontaneous or random nature of 
genetic mutations was provided by two scientists, Salvadore Luria and Max 
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Delbrtick, in 1943, 45 years prior to the proposal of the adaptive mutation theory 
(Luria and Delbrtick, 1943). These two scientists designed an experiment known as 
the fluctuation test to calculate bacterial mutation rates and determine whether 
mutations occurred at an equal chance in all genes regardless of their relative role in 
protection against specific challenge. 
Using Escherichia coli (E. coli) as the host organism, their experiments focused on 
analysing the rate of emergence of mutations that conferred resistance to the 
bacteriophage T 1, which otherwise caused lysis of the host organism. In the 
experiment, Luria and Delbrtick prepared 20 identical cultures of E coli in such a 
way that the rate of pre-existing mutation was negligible due to the small size of the 
starting population. The bacteria were cultured in rich medium, followed by plating 
onto solid agar which contained the T1 phage. If resistance to T1 phage developed as 
a result of mutations which emerged in a random fashion, resistant cells might appear 
in the progeny at different stages of incubation. Since resistant cells that appeared 
early would produce a larger number of resistant descendents, whereas emergence of 
resistant organisms at a late stage was expected to produce a much smaller size of 
descendents, the degree of variation in the number of resistant colonies detectable 
among the cultures was indicative of the degree of randomness by which mutations 
that conferred resistance to T 1 phage emerged. Eventually, the result of this 
experiment showed that T1 resistance was due to development of random mutations. 
Despite its ability to depict the random nature ofT 1 resistance mutations, however, 
Luria and Delbriick's experiment suffered a significant drawback in two aspects. 
Firstly, the lethal selection used in these experiments did not readily allow 
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assessment of whether mutations that emerged could also be inducible by the 
selection conditions (Foster, 1993; Roth et al., 2006). The findings on T1 resistance 
mutations cannot be generalised on other types of environmental stress, hence it is 
not possible to conclude on the basis of this experiment that spontaneous or random 
genetic alterations represent the sole mechanism for production of all bacterial 
mutations. Secondly, there is no evidence which suggests that exposure of a bacterial 
population to factors which can putatively induce formation of target-specific 
mutations does not elicit the changes in a random manner in the fluctuation test. 
In fact evidence that random genetic changes do not form the basis of all bacterial 
mutation emerged as early as the 1950s. In an early experiment designed to assess 
the rate of reversion in a mutant strain which could not utilize histidine (His-), it was 
found that upon plating of a population of this strain in a medium which lacked 
histidine, His+ revertants emerged continuously throughout a 10 days incubation 
period. Since the revertants were found to be slow-growing, results of this 
experiment suggested that DNA synthesis could occur in non-dividing cells, in which 
the rate of replication error could actually be elevated (Ryan, 1955). 
Thirty years later, Shapiro (Shapiro, 1984) made use of a strain in which the 
regulatory region of the arabinose (ara) operon was separated from the lacZ gene by 
the Mu bacteriophage. The strain was Ara- and Lac- phenotypically, yet when the 
prophage was excised, the araB and lacZ genes could be fused together so that the 
strain could utilize lactose under arabinose induction. In actively growing cells, 
Ara-Lac+ fusions were detected at a rate of 1 per 1 08 cells. However, when the strain 
was plated onto lactose-arabinose minimal medium, Lac+ mutants continued to 
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emerge after several days of incubation; this phenomenon therefore suggested that 
advantageous mutations might be inducible. 
Eventually, John Cairns et al. (Cairns, Overbaugh and Miller, 1988) published the 
aforementioned landmark article regarding the origin of bacterial mutations, which 
rapidly aroused intense research interest on the topic of adaptive mutation in 
subsequent years. In the experiment, an E. coli strain which failed to utilize lactose as 
the sole carbon source (exhibiting a Lac- phenotype) was plated onto a medium 
which contained lactose as the only utilizable substrate. At the beginning, Lac+ 
colonies appeared with a Luria and Delbruck style distribution, suggesting that they 
were spontaneous mutants which arose during growth prior to inoculation onto the 
medium. However, Lac+ colonies continued to appear two days later and featured a 
Poisson distribution characteristic, that is, the degree of variation from plate to plate 
became smaller. On the basis of this finding, it was concluded that inducible 
mutations occurred after the cells had been plated onto the selective medium. 
To test whether lactose selection could elevate the mutation rate in general, they also 
screened for emergence of mutants that exhibited valine resistance during lactose 
selection (Cairns, Overbaugh and Miller, 1988). Unlike the Lac reversion genotype, 
the number of valine resistant mutants, which did not confer growth advantage on the 
selection medium, actually declined with time. On the other hand, Cairns et al. also 
plated Lac- cells onto medium without a carbon source to produce a starvation stress, 
followed by overlaying agar that contained lactose at different time points. 
Surprisingly, no accumulation of Lac+ mutants was detectable throughout the overlay 
experiment, suggesting that time-dependent exposure to lactose was required to 
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direct formation of mutations in specific genes to relieve the lactose starvation stress. 
Nevertheless, it was found later that the strain that Cairns et al. used contained an 
amber mutation which could help revert the Lac- strain to the Lac+ status by creation 
of either intra-genic mutations or tRNA suppressor function (Cairns and Foster, 
1992). In fact, about two-thirds of the late-appearing Lac+ revertants of the strain 
were slow-growing ochre suppressors which probably arose during growth before 
lactose selection (Prival and Cebula, 1996). As there is no proven mechanism for 
direct transfer of information from tRNA to DNA, the hypothesis that mutations 
could be directed to the specific gene under stress was rejected by various subsequent 
studies (Cairns and Foster, 1992; Hengge and Storz, 2000). 
Adaptive Reversion of lac/- lacZ Fusion Mutant 
In order to perform more in-depth investigation into the nature of adaptive mutation, 
Cairns and Foster, (Foster, 2000) utilized a new strain known as FC40 (Cairns and 
Foster, 1991) to perform a series of important experiments to shed light on the 
potential mechanism of adaptive mutation. In these experiments, the chromosomal 
lac gene in the FC40 strain was deleted and replaced by a lac!- lacZ fusion fragment 
on the episome. The fused lac!Z gene had a + 1 frameshift mutation which caused 
reduction of the beta-galactosidase activity to 1% of the normal level. During 
non-selective growth, FC40 exhibited a Lac+ mutation rate at 1 per 109 cells per 
generation. When plated onto a medium with lactose as the only carbon source, 
however, Lac+ colonies emerged at a rate of about 1 per 1 09 cells per hour 
continuously for several days whilst the total number of background (Lac-) 
organisms did not alter by more than 20% (Foster, 1994). Upon comparison between 
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the mutation patterns of the Lac+ revertants isolated during the active growth stage 
and those under lactose selection, insertions or deletions were predominantly found 
in Lac+ revertants recovered during non-selective growth, whereas mutations which 
were adaptive in nature on the lactose selection plate were almost exclusively -1 base 
pair frameshift deletions (Cairns and Foster, 1991; Harris, Longerich and Rosenberg, 
1994). On the basis of these observations, Cairns and Foster proposed that the 
mechanisms of mutation production should be different in non-selective and selective 
growth conditions (Cairns and Foster, 1991, 1992). 
Putative Models of Adaptive Mutation Mechanisms 
The experimental findings in the Lac assay systems led to the development of three 
major models on the mechanism of generating adaptive mutations that gave rise to 
the Lac reversion phenotypes: point mutagenesis, hypermutation and gene 
amplification. 
Point Mutagenesis 
Whilst mutations during non-selective growth could be attributed to random nucleic 
acid replication error, the frameshift mutations that occurred during lactose selection 
were proposed to be due to constitutive DNA nicking activity of the nickase Trai 
(Foster, 2000; Rosenberg, 2001; Rosenberg, Harris and Torkelson, 1995). Indirect 
evidence showed that Trai created single stranded nick at the origin of transfer, or iT, 
on the episome, leading to stall of the replication fork and generation of 
double-stranded ends (Kuzminov, 1995; Rosenberg, Harris and Torkelson, 1995; 
Ponder, Fonville and Rosenberg, 2005). It was proposed that the double-stranded 
ends initiated the RecA- and RecBCD-dependent double-strand break repair, during 
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which RecBCD played a role in loading RecA onto the single-stranded DNA, 
catalysing recombinational repair with the invasion of the double-stranded end to a 
homologous region (Harris, Longerich and Rosenberg, 1994 ). On the other hand, 
RecA is also known to induce the auto-proteolytic cleavage of LexA and thus 
initiation of the SOS response. Specifically, cleavage of LexA leads to de-repression 
and hence up-regulated expression of more than 20 SOS response genes including 
that of the error-prone Polymerase IV (He et al., 2006). 
Likewise, activation of the RpoS-mediated stress response is also known to 
up-regulate Polymerase IV and render the double-stranded break repair more 
mutagenic, resulting in a higher mutation rate in general (Galhardo, Hastings and 
Rosenberg, 2007). 
Hypermutation 
By 1990, Barry G. Hall (Hall, 1990) proposed a hypermutation model to explain the 
observation pertinent to the adaptive mutation concept. According to this model, 
bacteria subjected to environmental stress enter a transient hypermutation state 
during which the general mutation rate increases considerably. Organisms which 
have acquired an advantageous mutation that leads to relief of the stress can 
proliferate and exit the hypermutation state, whereas those which do not gain such 
mutations would perish under stress. On the other hand, organisms which acquire 
deleterious mutations are also expected to lose viability. Inducible hypermutation 
was proposed to contribute to 10% of the adaptive mutants according to some 
mathematical models. (Rosche and Foster, 1999), which is consistent with the 
concept that the hypermutation process helps to generate advantageous mutations 
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through elevation of the general mutation rate followed by selection of useful 
mutants, rather than directly mediating changes at specific genetic loci in the form of 
adaptive mutations proposed by Cairns et al (Cairns, Overbaugh and Miller, 1988). It 
should be noted, however, that currently there is no concrete evidence to prove 
whether such hypermutation process resembles that of an enhanced spontaneous 
mutation mechanism which essentially produces random mutations, even though 
bacteria often reside in a non-growing state during physiological stress. 
Nevertheless, the hypermutation concept was further substantiated by the work of 
Gonzalez eta/. (Gonzalez et al., 2008), who found that stress-adaptive mutants could 
be derived from a hypermutable population. With the use of an E. coli strain which 
simultaneously expressed the 1-Scel endonuclease and harbored the 1-Scel cut-site, 
they artificially induced formation of double-stranded breaks and point mutations in 
the same manner as that of stress-induced mutagenesis, and found that the mutation 
spectra of cells with or without further secondary mutations, which were regarded as 
markers of descendants of the hypermutable sub-population, were highly similar to 
each other. In addition, artificially induced double-stranded breaks did not decrease 
the frequency of secondary mutations in Lac+ revertants. These data suggest that 
stress-induced mutagenesis is also mediated through production of a hypermutable 
sub-population, from which site-specific or adaptive mutants can preferentially 
proliferate. Apparently, entry into a hypermutable state requires the introduction of 
double-strand breaks which in tum elicit the SOS and RpoS-mediated stress 
responses and the downstream error-prone polymerase activities. Upon acquisition of 
beneficial mutations which relieve the stress, a hypermutable cell would leave this 
transient and potential deleterious physiological state by successfully resuming cell 
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cycle activities and reparation of DNA damages (Gonzalez et al., 2008). 
Gene Amplification 
Apart fron1 point mutations, Lac- E. coli were also found to acquire a phenotypically 
Lac+ status through amplification of the lac gene (Hastings et al., 2000). The lac 
frameshift allele of the FC40 strain was known to be leaky, producing 1 o/o to 2% of 
the wild-type level of beta-galactosidase (Foster, 1994; Andersson, Slechta and R.oth. 
1998). It was shown that twenty or n1ore copies of the allele would allow the host 
organis1n to grow on the lactose medium (Foster, 1994; Andersson, Slechta and Roth~ 
1998; Hastings et al., 2000). In a gene amplification experiment, it was found that 
lac-amplified colonies rarely en1erged on the first few days upon plating the test 
population onto lactose n1edium. By the 8th day, however, Lac+ colonies started to 
en1erge and 40o/o of which were found to be lac-amplified. (Hastings et al., 2000; 
Po-vvell and Wartell, 2001; Hastings, 2007). 
Contrary to the point n1utation modeL it was suggested that initiation of 
lac-amplification did not require SOS response and polymerase IV (McKenzie eta!., 
2001 ), or production of a hypennutable sub-population (J-Iastings et a!., 2000). 
Multiple mechanisn1s which have been proposed for gene atnplification include 
double-strand breaks repair and homologous recombination activities (Slack et al., 
2006). 
Controversy over the Mechanism of Adaptive Mutation 
Since the idea of adaptive mutation represents a revolutionary concept that 
challenges the funda1nental principles of neo-Darwinism, much controversy over the 
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tnechanisin of adaptive 1nutation therefore persisted over the past two decades 
(Brisson:- 2003; Roth et al., 2006). An obstacle in resolving such controversy ste.ms 
from a lack of an etiective approach to differentiate between the mutation induction 
and selection etTect of specific stress, so that the origin of mutations cannot be 
readily attributed to stress induction or random errors of nucleic acid synthesis, or 
both. It was argued that there were flavvs in the experin1ental design of previous 
adaptive n1utation experiments which could lead to false conclusion on the 
n1echanisn1s of adaptive n1utagenesis. In addition, the litnitation in the n1ismatch 
repair function which causes an elevation in the tnutation rate could be viewed as a 
result of mechanistic breakdown rather than that of an active evolutionary response 
which may be switched on during stress (Brisson, 2003). Likewise, the -1 frameshift 
1nutations that occun·ed dtu·ing that Lac reversion assay were regarded as 
characteristic of DNA poly1nerase errors that occurred in the absence of 
post-synthesis 1nismatch repair. (Brisson, 2003). 
On the other hand, I~oth et al. (I~oth et al. , 2006) also argued that adaptive mutation 
occurred via gene an1plification only. This group of researchers suggested that an 
increased copy ntnnber of lac alleles would increase the chance by which 
spontaneous n1utations occurs, which accounted for the elevated mutation rate 
observable during Lac reversion assay. In other words, they did not support the idea 
that a different mechanism responsible for elevating the mutation rate of specific 
gene was activated during stress or stationary phase. 
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Induced Mutagenesis under Other Stresses 
The adaptive mutation phenomenon observable during lactose starvation was rarely 
tested for other types of stresses such as those triggered by reactive oxidative species, 
osmosis, heat shock and antibiotics. Originally thought to be mediated through a 
single mechanism, adaptive mutation was more recently believed to result from the 
interplay of multiple cellular responses which varied between different stress 
conditions. (Foster PL, 2007; Galhardo; Hastings and Rosenberg, 2007). On the basis 
of available evidence, three common mechanisms inducible under various stressful 
conditions have been proposed: general stress responses and the associated 
up-regulated production of error-prone polymerases, reduction in mismatch repair 
function, and reduction in DNA repair and recombination activities (Foster PL, 2007; 
Galhardo, Hastings and Rosenberg, 2007). 
The General Stress Response 
RpoS is the major regulator of the general stress response inducible during starvation 
and stationary phase, causing elevation of mutation rate through up-regulation of the 
error-prone DNA polymerase IV and down-regulation of the mismatch repair 
enzymes (Lombardo et al. , 2004). Up-regulation of Pol IV is dependent on RpoS but 
not SOS response (Layton and Foster, 2003); as Pol IV is not stable, production of 
Pol IV must be maintained through continuous expression of RpoS (Foster, 2007). 
The MutS and MutH mismatch repair enzymes are also down-regulated by general 
stress response (Feng, Tsui and Winkler, 1996; Tsui, Feng and Winkler, 1997), thus 
further increasing the mutation rates in certain situations (Bjedov et al., 2003 ; Foster 
et al. 1995; Harris et al., 1999). Since the RpoS response has been shown to be 
over-expressed in various conditions such as high osmotic pressure, extreme 
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temperatures, acid stress and reduction in growth rate (Foster et al., 2007), it is 
expected that adaptive mutations may be inducible in the corresponding genes if 
RpoS is indeed responsible for regulating such phenomenon. 
The SOS Response 
Resembling the RpoS-mediated general stress response, the DNA damage-induced 
SOS response is another major stress protection mechanism in E. coli (McKenzie et 
a/., 2000, 2001 ). Expression of the SOS genes is de-repressed by auto-proteolysis of 
the LexA repressor which is inducible by interaction of the RecA protein with single 
stranded or damaged DNA (He eta!., 2006). The up-regulated SOS responses genes 
include the Pol IV and Pol V error-prone polymerases. Interestingly, Pol V activity is 
error-prone on both damaged and undamaged bases whereas Pol IV is only 
error-prone while acting on undamaged DNA (Bjedov et al., 2007; Nohmi, 2006). In 
addition to exposure to DNA-damaging agents, SOS response can be triggered under 
a number of conditions, including errors in DNA replication and recombination, and 
exposure to alkaline medium or antibiotics (Foster, 2007). 
Reduced Mismatch Repair 
MutS, MutL and MutH are three major components of the bacterial mismatch repair 
system which is responsible for proofreading DNA synthesis fidelity (Ban and Yang, 
1998). In E. coli, newly synthesized DNA strand is un-methylated while the older 
strand is methylated to facilitate differential recognition by various cellular 
components that regulate DNA synthesis and replication fidelity (Kunkel et al., 
2005). The recognition of mismatched bases by MutS and MutL leads to activation 
of MutH which then excises the newly synthesized, unmethylated daughter DNA 
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strand in the hemi-methylated duplex (Ban and Yang, 1998.). Although inhibition of 
the mismatch repair activities can elevate the mutation rate, its effect is confined to 
reducing the number of errors rather than generating new mutations de novo. (Faster, 
2007.) Nevertheless, mismatch repair systems are widespread and highly conserved 
among both prokaryotes and eukaryotes, and are suggested to contribute to various 
stress-induced mutagenesis processes in various organisms ranging from E. coli to 
human (Galhardo, Hastings and Rosenberg, 2007). 
Adaptive Mutation in Other Micro-organisms 
Adaptive mutation or stress-induced mutagenesis is known to occur in other 
micro-organisms such as Bacillus subtilis and Pseudomonas putida (Galhardo, 
Hastings and Rosenberg, 2007). Briefly, for both Bacillus subtilis and Pseudomonas 
putida, common mutagenesis components such as Pol IV or its homologue, as well 
as reduction in mismatch repair system, are involved in the mutagenesis process 
(Sung and Yasbin, 2002; Ilves eta!., 2001; Saumaa et al., 2002). For Bacillus subtilis, 
development of mutations during amino acid starvation is dependent on the 
competence stress response but not RecA and RpoS-associated mechanisms (Sung 
and Yasbin, 2002). In the case of Pseudomonas putida, formation of mutations that 
conferred phenol degradation in a strain which harbored a series of promoter-less 
phenol degradation genes (Kasak e al., 1997) was found to be dependent on RpoS 
(Ilves et al., 2001; Saumaa, 2002) but not SOS response (Tegova et al., 2004). These 
observations further indicate that differential mutagenesis mechanisms are involved 
in mutation generation in different biological systems as well as under different 
environmental conditions. 
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Mutation Generation under Antibiotic Stress 
Fluoroquinolones 
Fluoroquinolones are a major class of antibiotics which inhibit gyrase and 
topoisomerase IV activities in bacteria, inducing the formation of double-strand nicks 
by trapping the topoisomerase-DNA complex during the DNA replication process, 
especially during the stage between cleavage of the DNA strands and re-ligation. 
Thus fluoroquinolones are known to induce SOS response and are regarded as 
mutagenic. Mutations in the drug target genes encoding the gyrase (gyrA and gyrB) 
and topoisomerase IV enzymes (parC and parE) have been shown to confer 
resistance to fluoroquinolones (Drlica and Zhao, 1997). 
In an attempt to evaluate the molecular basis of development of these target gene 
mutations, Cirz and others discovered that SOS response, and more specifically, the 
SOS-controlled DNA Polymerases Pol II, Pol IV and Pol V were indispensable for 
the development of resistance to ciprofloxacin (Cirz et al., 2005), and that the 
mutagenesis mechanisms which produced such resistance gene mutations were 
identical to those which governed Lac reversion (Galhardo, Hastings and Rosenberg, 
2007). On the basis of these preliminary findings, it would be interesting to 
investigate whether induction by fluoroquinolones or other unrelated agents which 
are also known to activate SOS or other stress response, would both lead to an 
unbiased increase in the rate of production of site-specific fluoroquinolone-resistant 
mutants. Assessment of the mutation induction specificity of fluoroquinolones and 
other antibiotic classes would therefore produce more direct evidence on the effect of 
antibiotic stress on adaptive mutagenesis. 
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Beta-Lactams 
Beta-lactam antibiotics bind to penicillin binding proteins and interfere with cell wall 
synthesis. Exposure to beta-lactams has been shown to induce the SOS response via 
the DpiBA two-component signal transduction system (Miller et al., 2003). An 
inhibitor of cell division which is encoded by sulA was also shown to protect bacteria 
from lysis by beta-lactams. While this effect is temporary, initiation of SOS response 
was found to increase the overall mutation rate and facilitate acquisition of a stable 
resistance phenotype (Miller et al., 2004). Evaluation of the target site specificity of 
mutation induction ofbeta-lactams may therefore provide further insight into the role 
of SOS response in generating mutations which are adaptive to specific antibiotic 
stress. 
Aminoglycosides 
Aminoglycosides bind to specific ribosomal subunits and inhibit protein synthesis 
(Rosset et al., 1969). Sub-lethal concentrations of streptomycin are known to cause 
inaccurate translation (Balashov et al., 2003) and mistranslation of DNA repair and 
replication proteins, resulting in a transient mutator state during which the mutation 
rate is elevated (Ninio, 1991 ). Assessment of the effect of aminoglycoside-induced 
antibiotic stress may therefore delineate the possibility that defect of DNA repair 
plays a role in generating adaptive antibiotic resistance gene mutations, although 
protein mistranslation caused by this class of antibiotic is also expected to undermine 
the ability of the host organism to regulate the mutagenesis efficiency via control of 
expression of enzymes such as the error-prone polymerases. 
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Justification and Objectives of this Study 
A better understanding of the molecular basis of adaptive mutation or mechanisms 
that cause elevation of mutation rates in response to environmental changes may 
provide new clues in the evolutionary forces that govern important clinical 
phenomena or processes such as acquisition of antibiotic resistance genotypes, tumor 
progression, chemotherapy resistance in tumor cells and pathogenesis strategies of 
bacteria, providing new targets for development of new drugs that act against the 
evolving processes of disease systems (Galhardo, Hastings and Rosenberg, 2007; 
Lombardo, Aponyi and Rosenberg, 2004 ). Furthermore, investigation into whether 
mutation is spontaneous or adaptive in nature allows us to better understand, predict 
or control microbial adaptability in different environmental settings. 
Antibiotic resistance remains a subject of keen research interest due to its 
ever-increasing threat to effective treatment of bacterial infections. The problem 
resulted in inadequacy of effective drugs for eradication of multi-drug resistant 
organisms which become evident in a number of important pathogens such as 
Mycobacterium tuberculosis (Rattan, Kalia and Ahmad, 1998; Rodriguez et al., 
2009). A better understanding of the initiation factors and-endogenous mechanisms 
which induce and regulate the process of mutation development in antibiotic 
resistance genes will help provide a novel approach to slow down the process of 
resistance induction and selection in a clinical setting as well as to inhibit the process 
of development of resistance to new antibiotics. 
Currently, mutation assays are defective in evaluating the relative induction and 
selection effects of antibiotic stress because most of the assays adopted a solid agar 
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approach, which only provided a combined assessment of both mutation induction 
and selection abilities of the selection agent. In addition, the existing mutation assays 
are not able to identify the major physical and physiological parameters that 
determine bacterial mutation efficiency as well as site specificity, so that only 
endpoint mutations in antibiotic resistance genes were identified. 
To address the key issues on mutation induction and control, this work was focused 
on determining whether active induction of target-specific adaptive mutations played 
an important role in conferring antibiotic resistance to bacteria. Four major aspects of 
antibiotic resistance gene mutations were studied with the hope of gathering evidence 
that allowed us to determine the extent by which emergence of such mutations was 
attributable to adaptive mutational changes induced by antibiotic stress itself. These 
included drug specificity in resistance induction, mutation site specificity, rate of 
mutation formation and physiological stages in which mutations preferentially 
developed. A resistance induction assay was devised in this work to distinguish 
between the mutation induction and selection effect of different antibiotic classes. 
Results in this work provide important information on the origin and underlying 
cellular mechanisms that generate antibiotic resistance gene mutations. 
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Material and Methods 
Bacterial Strains 
Escherichia coli K -12 strains were used in all experiments, these included the strain 
BW25113 (lacfl rrnBrt4 6lacZwn6 hsdR514 6araBAD AH533 6rhaBADLo?s), and 
strain MG1655 (F- --\- ilvG rfb~50 rph-1). The recA and mutS deletion mutants were 
obtained from the Keio collection of E. coli knockout strains, which was generously 
provided by l-Iirotada Mori (Baba eta!. , 2006). The E. coli K-1 2 BW25113 is the 
parental strain of this gene knockout library. 
Culture Media 
Luria-Bertani (LB) (BD, USA) broth and Rich Defined Medium (RDM) (Teknova, 
Holister, CA, USA) were used in bacterial cultures and resistance induction assays 
respectively unless stated otherwise. MOPS base (Teknova, Holister, CA, USA) was 
used in a medium switching assay for testing the potential resistance or mutation 
induction effects of antibiotics in a starving population. LB agar (BD, USA) 
containing a specified concentration of the selection antibiotic was used for screening 
of organisms with reduced susceptibility. 
Antibiotics 
Antibiotics from four different structural classes were used in cross induction and 
selection of bacterial isolates which exhibited reduced drug susceptibility: ampicillin 
(Sigma, USA), ciprofloxacin (Fluka, USA), gentamicin (Sigma, USA) and 
rifampicin (Sigma, USA). 
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Resistance Induction Assay 
Rationale of Experimental Design 
A combinatorial resistance induction assay was devised to test the potential and 
specificity by which an antibiotic can induce development of resistance to itself or 
other drugs under specific experimental parameters. Three physiological conditions 
of bacteria were assessed for their inherent mutation formation potential upon 
exposure to antibiotic stress: log phase, stationary phase and starvation. Stationary 
phase culture is known for its resistance to antibiotics (Levin and Rozen, 2006) and 
starvation mimics the nutrient depletion condition in stationary phase culture. 
When bacteria reached the corresponding physiological stage or being switched to 
the test condition, the test antibiotic was added to each culture which was subjected 
to continued incubation at 3 7oC. After 3 and 24 hours, the test population was 
harvested and subjected to selection by each of the induction antibiotics. The 
population size of resistant organisms that emerged before and after the assay was 
recorded for each test condition and compared to that of the no drug control so that 
the rate of emergence of resistant organisms at each condition could be calculated. 
The drug susceptibility and mutation profiles of organisms collected under different 
induction I selection conditions were also determined to depict the resistance and 
mutation induction specificity of different drug I physiology combinations (Figure 1 ). 
Four antibiotics from different classes of antibiotics which target different sites in 
bacterial cells were used so that the induction potential of antibiotics acting on 
different cellular machineries could be investigated and compared. Rifampicin, 
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normally used for treatment of mycobacterium infections, was used in the 
experiment for induction and selection on gram-negative Escherichia coli because 
mutations in only one gene, rpoB, would already confer resistance to the drug 
(Matsiota-Bernard, Vrioni and Marinis, 1998). 
Two selection methods were adopted and they complemented each other. The agar 
selection method allowed easy detection of the resistance emergence rate while the 
broth selection method allowed the selection of the most competitive mutants so that 
their mutation pattern could be investigated. 
Agar Selection Method 
The E. coli K 12 strain B W25113 was used as the model organism in resistance 
induction assays using the solid agar selection approach. The test strain was first 
sub-cultured from the glycerol stock onto aLB agar plate. After overnight incubation 
at 37oC, one colony was picked and inoculated into 5ml fresh LB broth, followed by 
incubation at 3 7oC for 16 hours with shaking at 200 rpm to produce an overnight 
culture. To generate a log phase population for the resistance induction assay, the 
overnight culture was diluted 250-fold with fresh LB broth; the diluted culture was 
incubated at 3 7oC for 3 hours with continuous shaking at 200 rpm until the 
population density reached 10 7 to 1 08 cells per ml. A population under starvation 
stress was also prepared by switching the medium background of a log phase 
population to the MOPS base. A viable cell count of the overnight culture, the freshly 
grown log phase culture as well as the population under starvation was determined 
by performing a serial dilution of up to 106 fold, followed by inoculation of the 
diluted fractions onto LB agar plates. Colonies that appeared on the plates were 
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enumerated and recorded after overnight incubation at 3 7oC . The number of 
pre-existing mutants was also determined by spreading 1 00 J..tl each of the log and 
stationary phase culture onto selection plates containing SX minimal inhibitory 
concentration (MIC) of the screening drugs (with reference to the MIC of the 
BW2Sll3 strain); the number of colonies that emerged after overnight incubation at 
3 7oC was recorded. 
To test the effect of resistance induction by specific antibiotics, the induction drug 
was added to 6 ml of the test population to achieve a final drug concentration 
pertaining to each specific experiment. Two induction concentrations were tested on 
the log phase population: O.S and SOX MIC, whereas for both starving and stationary 
phase population, the effect of SOX MIC was examined. A no-drug control was 
prepared for each experimental condition and allowed to incubate alongside the test 
samples, except in the case of log phase culture for which only the viable bacterial 
counts prior to drug induction was recorded. After incubation at 3 7oC for 3 and 24 
hours with shaking at 200 rpm, the 6 ml culture was harvested by centrifugation at 
S,400 rpm (Beckman Coulter, USA) for 30 minutes. The cell pellet was washed and 
re-suspended in 600 J..tl fresh rich defined medium (RDM). 100 J..tl of the cell 
suspension were spread onto a plain LB agar plate to enumerate the size of viable 
population that remained after the induction step, as well as four types of selection 
plates, each containing one of the induction antibiotics, to determine the number of 
organisms that acquired a reduced susceptibility status during the induction step. 
The total viable counts and the number of resistant organisms recorded at 3 and 
24-hours were incorporated into the following formula to calculate the basal 
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resistance rate in the no drug control as well as the resistance induction rate of 
specific drug: 
Number of organisms per ml of induction culture which exhibited reduced 
susceptibility to the selection drug I Number of viable cells recoverable per ml of 
induction culture, followed by adjustment of the basal or resistance induction rate to 
resistant organisms per 1 08 bacteria. 
Resistance induction assay was also performed on BW25113 with ciprofloxacin as 
the only induction drug. The same procedure was applied to assessment of the 
induction effect of25X MIC of this drug except that 0.5X MIC was also tested on 
the log phase population. 
Broth Selection Method 
Two Escherichia coli K12 wild-type strains (MG 1655 and BW25113) and two gene 
knock -out mutants from Keio collection ( 11recA and 11mutS) were studied. The test 
strain was sub-cultured on aLB agar plate and incubated at 37C overnight. One 
colony was picked and suspended in saline to produce a t_urbidity of 0.5 McFarland 
(1 08 cells per ml). The cell suspension was diluted 10,000 fold with fresh LB broth 
and incubated at 3 7oC overnight with continuous shaking. On the following day, the 
overnight culture was split into 2 aliquots for preparation of a log phase culture and a 
stationary phase. 
1) Treatment with antibiotics on log phase culture 
The overnight culture was diluted 10,000 fold with fresh LB broth and incubated at 
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37oC until the bacteria had entered log phase with a population density at 
approximately 10 7 cells/mi. A viable count was performed to assess the population 
density. Four 200 ml aliquots of this culture were transferred to a culture flask 
containing the induction antibiotics (ampicillin, ciprofloxacin, gentamicin and 
rifampicin) at a concentration of 5X MIC. After incubation for 3 and 24 hours, 100 
ml culture was taken out and the bacteria were pelleted by centrifugation at 5,400 
rpm for 30 minutes (Beckman Coulter, USA). The supernatant was discarded and the 
cell pellet was re-suspended in 2 ml of fresh LB broth. One milliliter was added to 49 
ml of LB broth containing either ciprofloxacin or rifampicin as the selecting 
antibiotic, with a final selection concentration of 1 OX MIC. A no-drug control was 
also included this screening step. After 24 hours incubation of the selection broth at 
37oC, the test population was harvested by centrifugation at 5,400 rpm for 30 
minutes (Beckman Coulter, USA); the supernatant was discarded. A loopful of the 
pellet was streaked onto a plain LB agar as well as selection plates containing either 
ciprofloxacin or rifampicin at 5X MIC. The agar plates were then incubated at 3 7oC 
overnight to depict emergence of either tolerant or resistant organisms. 
2) Treatment with antibiotics on stationary phase culture 
A viable cell count of the stationary phase culture was performed as described; 4 ml 
aliquots of an overnight culture were transferred to each of the five 7 ml bijou vials 
(Scientific Laboratory Supplies, UK). The four induction drugs (ampicillin, 
ciprofloxacin, gentamicin and rifampicin) were added to the cultures to produce a 
final concentration of 5X MIC. One aliquot in which antibiotic was not added was 
served as a no-drug control. 
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Upon incubation at 37oC for 3 and 24 hours, 2 ml of the culture in each bijou vial 
was collected and centrifuged at 4,000 rpm for 30 minutes (Heraeus, UK), and the 
supernatant was then removed. The cell pellet was re-suspended in 2 ml of fresh LB 
broth. Half of the cell suspension was added to 49 ml of an LB-based selection broth 
containing either ciprofloxacin or rifampicin as described. A no-drug control was 
also included this screening step. The flasks were incubated with shaking at 37oC for 
24 hours. On the following day, the cultures were transferred to 50 ml centrifuge 
tubes and centrifuged at 5,400 rpm for 30 minutes (Beckman Coulter, USA). The 
supernatant was discarded and viable cells in the cell pellet were recovered by 
streaking onto LB agar plate with or without 5X MIC of ciprofloxacin or rifampicin 
to depict existence of tolerant or resistant organisms. 
Isolation of Organisms which Exhibited Reduced Drug Susceptibility and 
Determination of the Minimal Inhibitory Concentration (MIC) 
Colonies which grew on the LB agar plates containing the selection drug were picked 
and streaked onto a new LB agar plate containing the corresponding drug at 5X MIC. 
Those which grew on the LB agar plates without antibiotic were also collected. After 
overnight incubation at 3 7oC, colonies of different morphologies were further 
purified and subjected to an indole test to confirm their species identity. The minimal 
inhibitory concentration of ampicillin, ciprofloxacin, gentamicin and rifampicin on 
the purified colonies was performed using the agar dilution method according to the 
guidelines of CLSI (formerly NCCLS) (CLSI, 2009). Two control strains 
Pseudomonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922 were 
tested as well. 
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Indole Test 
Bacterial isolates with reduced antibiotic susceptibility were picked and inoculated in 
tryptophan broth and incubated at 3 7oC overnight. Following incubation, a few drops 
of Kovac's reagent were added to the culture. Presence of a red-violet or yellow color 
on the surface of the culture indicated a positive and negative result respectively. 
Kovac's reagent was prepared by adding 25 ml of concentrated hydrochloric acid to 
75 ml of isoamyl alchohol, to which 5 g of p-dimethylaminobenzaldehyde were 
added and allowed to dissolve (Colwell and Grigorova, 1987). 
DNA Extraction 
Organisms with reduced susceptibility to ciprofloxacin or rifampicin, recovered in 
either the solid agar or broth selection approaches, were isolated and washed with 
Tris-EDTA (TE) buffer (pH 7.4). The cell suspension was then centrifuged at 10,000 
rpm for 5 minutes in a micro-centrifuge (Eppendorf, USA). The supernatant was 
discarded and the cell pellet was washed again with fresh TE buffer. After 
centrifugation and re-suspension in TE buffer, the cells were boiled for 5 minutes to 
release the nucleic acids which were then stored at -20oC. 
Polymerase Chain Reaction (PCR) on the gyrA and rpoB Genes 
PCR was performed on two reporter genes for which hot spot mutations are known 
to confer resistance to the corresponding antibiotics, i.e. gyrA gene for ciprofloxacin 
resistance and rpoB gene for rifampicin resistance. Only gyrA gene was amplified for 
ciprofloxacin resistance as gyr A mutation mediated resistance is the most important 
mechanism of fluroquinolone resistance in E. coli (Gales eta!. , 2000). 
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PCR Reagents 
A PCR master mix comprised 40 J.!l of distilled water, 5 J.!l of PCR 1 OX buffer, 2.5 J.!l 
of2.5 mM magnesium chloride, 0.25 J.!l of 100 mM of forward and reverse primers, 
0.25 J.!l of HotStarTaq Plus DNA Polymerase at 5 units/J..tl (Qiagen, Germany), 0. 75 
J.!l of 20 mM dNTP (Amersham, USA) and 1 J.!l of DNA sample. 
PCR Primer Sequences 
PCR primers were purchased from Invitrogen Inc., Hong Kong. The nucleotide 
sequences of the forward primer and reverse primer for PCR on the quinolone 
resistance determining region of gyrA gene were: 5' TCCTATCTGGATTATGCGAT 
3' and 5' TCGAGATCGGCCATCAGTTCATG 3' respectively. The sequences of the 
forward and reverse primer for cluster II of the rpoB gene were 5' 
CGTCGTATCCGTTCCGTTGG 3' and 5' TTCACCCGGATACATCTCGTC 3' 
respectively. The forward and reverse primer for cluster I of the rpoB gene were 
5'AATGTCAAATCCGTGGCGT 3' and 5' CCAACCGCAGACAAGTCATA3' 
respectively. 
PCR Conditions 
PCR was performed with GeneAmp PCR System 9700 (Applied Biosystems, USA). 
For both gyrA and rpoB, The PCR comprised an initial denaturation step at 95oC for 
1 0 minutes, followed by 3 5 reaction cycles, each containing a denaturation step at 
94 oC for 30 seconds, annealing at 60oC for 30 seconds and amplification at 72oC for 
30 seconds. The reactions were completed with a final extension step at 72oC for 5 
minutes. 
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PCR Product Purification and Nucleotide Sequencing 
PCR products were purified according to the instructions of Illustra Microspin S-400 
HR columns (GE Healthcare, USA). The products were consigned for nucleotide 
sequencing (Macrogen, South Korea). The sequencing primers for rpoB gene cluster 
I and II were 5' GAAGGCACCGTAAAAGACAT 3' and 5' 
CGTGTAGAGCGTGCGGTGAAA 3' respectively, whereas the sequencing primers 
for the gyr A gene were the same as those used in PCR. 
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Results 
This study aimed at elucidating the origin of resistance gene mutations and 
investigating whether four commonly used antibiotics (ampicillin, ciprofloxacin, 
gentamicin and rifampicin) could elicit bacterial cellular responses which might in 
turn regulate site specific mutagenesis events during the process of resistance 
development. We first attempted to verify whether emergence of resistance gene 
mutations was attributed to active induction of mutation mechanisms or selection of 
pre-existing spontaneous mutants by antibiotics. To this end we devised a 
sophisticated cross-induction I selection approach to assess the frequency, antibiotic 
susceptibility profiles and mutation characteristics of resistant isolates recovered 
under various combined induction - selection conditions as well as selection alone. 
The study comprised two parts, both of which involved a common and primary 
induction step in which a standard bacterial population of approximately 107 cells 
was exposed to either low, medium or high induction concentration of the test drugs 
(0.5X, 5X or SOX MIC) for 3 and 24 hours, followed by separate screening of 
resistant mutants that emerged during the induction phase by either a solid agar or a 
broth selection approach, in which test media containing a concentration of 5X or 
1 OX MIC of the induction drugs were respectively used to select, enumerate or 
propagate organisms that acquired the resistance status. Further analysis of drug 
susceptibility and mutation profiles was performed on organisms recoverable under 
specific induction I selection conditions and compared to those obtained by selection 
of un-induced populations. 
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In this study, organisms which survived the selection tests were regarded as 
'resistant' even though the eventual drug susceptibility level of the recoverable 
isolates might not have reached the breakpoint concentration of the respective drug 
defined by CLSI (CLSI, 2009). This study approach was applied to the wild type 
strains MG 1655 and BW25113 as well as selected knock-out mutants in an attempt 
to assess the relative role of specific genetic determinants in regulating antibiotic 
resistance formation. 
Solid Agar Selection Approach 
A solid agar selection approach was first used to determine the number and nature of 
resistant organisms that emerged under the induction conditions tested. Figures 1 a - 9 
depict the relative changes in population size as well as the frequency of resistant 
isolates recoverable per 1 08 organisms of the strain B W25113 when test populations 
of different physiological stages of this strain (actively growing in rich defined 
medium, non-growing in MOPS buffer, and stationary phase cells of overnight 
culture) were subjected to different combinations of induction and selection 
conditions. 
Several interesting mutation induction characteristics were observable in these 
experiments. Firstly, a high basal rate of resistance to gentamicin and rifampicin, 
depicted as the proportion of resistant organisms within the test population detectable 
in the absence of an induction step, was observed (Figures 2a(i)- 3c, 6a- 7c). Such 
rate, with up to 100 or more resistant isolates per 1 08 cells for both drugs, was similar 
under the three physiological conditions tested. In order to test whether resistant 
isolates recovered during gentamicin and rifampicin selection were cross-resistant to 
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each other, the drug susceptibility profiles of randomly selected isolates were 
determined (Tables 2a- 3b). The results showed that all gentamicin and rifampicin 
resistant isolates tested did not exhibit cross resistance to each other, or to other 
drugs. The drug susceptibility levels of the resistant isolates tested were in the range 
of 8-3 2X MI C of the original wild type strain for gentamicin and rifampicin 
respectively (Tables 1 - 2b ). Contrary to the findings on gentamicin and rifampicin 
resistant sub-populations, basal ampicillin and ciprofloxacin resistance was not 
detectable in each of the three physiological stages tested, when the test population 
was not subjected to any induction conditions. 
Upon identification of the sub-population gentamicin and rifampicin resistant pool in 
the no-drug control, we hoped to distinguish between the possibilities that emergence 
of the gentamicin and rifampicin resistant isolates on the selection agar plates was 
due to resistant sub-population that pre-existed prior to selection, or rapid induction 
of mutation formation upon exposure of the test population to the antibiotics in the 
selection plates. In order to test these possibilities, the bacterial population was 
subjected to an extra drug exposure step prior to selection on agar plates to determine 
if the basal resistance rate correlated positively with the drug concentration and 
exposure time. By introducing an additional drug exposure step prior to selection, we 
were also able to assess the cross resistance induction potential of the test antibiotics. 
As shown in Figures 2a(i)- 3c and 6a- 7c, the rate of emergence of gentamicin and 
rifampicin resistant isolates exhibited a complex induction characteristic which was 
highly dependent on the length of induction period, nature of induction antibiotic, 
drug concentration and physiology of the test population. 
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Firstly, instead of further elevating the resistance rate, the proportion of gentamicin 
resistant organisms in a population subjected to starvation stress actually remained 
constant after 3-hour incubation when gentamicin itself was used as the induction 
drug, yet the resistance rate decreased to an undetectable level at 24 hours (Figure 
2b ). Preferential eradication of pre-existing rifampicin-resistant organisms by 
gentamicin was also observable in both log phase and starving population upon 
gentamicin induction at SOX MIC, during which both the survival rate dropped 
significantly at 24 hours (Figures 3a(ii), 3b, 4a(ii), 4b ). 
In contrast, the size of gentamicin resistant sub-population in the stationary phase 
population remained at a level similar to that recorded for the no-drug control after 
being exposed to gentamicin for 24 hours, if the induction drug concentration was 
SOX MIC (Figure 2c ). Likewise, a small number of rifampicin resistant organisms 
remained detectable upon exposure of a stationary phase population to gentamicin 
(Figure 3c). Given the phenomenon of conditional eradication of sub-population 
resistant organisms by gentamicin, it is also interesting to note that, during the 
induction stage, the bactericidal effects of a high dosage of ciprofloxacin and 
ampicillin (SOX MIC) did not cause eradication of the gentamicin and rifampicin 
resistant organisms that existed within the starving and stationary phase populations 
(Figures 2b, 2c, 3b, 3c ), yet those of the log phase populations were totally 
eradicated within 3 hours (Figures 2a(ii), 3a(ii)). 
On the other hand, exposure to rifampicin appeared to further elevate its basal 
resistance rate in both log phase and starving populations (Figures 3a(ii), 3b), when 
the induction concentration was at SOX MIC. The effect was more apparent in the 
43 
starving population at 24 hours (Figure 3b ). However, such effect was not observable 
in log phase and stationary phase cells when drug concentration of0.5X MIC and 
50 X MIC were respectively used in the induction step (Figures 3a(i), 3c ). On the 
other hand, exposure to rifampicin exerted a neutral or even suppressive effect on the 
rate of gentamicin resistance in all conditions (Figures 2a(i) - 2c ). 
Ciprofloxacin was the only drug which appeared to exhibit the ability to induce or 
enhance the rate of development of mutants resistant against itself as well as other 
drugs, often producing a markedly increased number of resistant isolates recoverable 
per 108 organisms under specific conditions (Figures 1 a, 1 b, 2a(i), 3c, 5a, 5b, 5c, 6a, 
7a, 7b). 
Firstly, despite a lack of basal ciprofloxacin resistance in all physiological conditions 
without drug induction, ciprofloxacin resistant organisms were found to emerge 
under all the three conditions tested when ciprofloxacin itself was used as the 
induction drug, including exposure of a log phase population to the drug at 0.5X 
MIC (Figures 5a, 5b, 5c ). However, the resistance rate recorded under various 
ciprofloxacin induction conditions varied wildly between-different experiments 
(Figures 1 a, 1 b, 5a, 5b, 5c ). Nevertheless, prolonged induction was generally 
required for formation of resistant organisms, as such organisms emerged only after 
24 hours induction (Tables 5, 6a, Figures 1 a, 1 b, 5a, 5b, 5c ). 
Secondly, apart from being able to induce development of its own resistance, this 
drug was also found to cross-induce further development of resistance to gentamicin 
as well as rifampicin under specific conditions. For example, ciprofloxacin induction 
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at 0.5X MIC produced a higher gentamicin resistance rate than that recorded for 
induction by gentamicin itself (Figure 2a(i) ). Likewise, ciprofloxacin induction also 
produced a significantly higher rate of rifampicin resistance in the stationary phase 
population (Figure 3c ). 
Thirdly, compared to the effect of induction with a drug concentration of 50 X MIC, 
the use of a lower drug concentration (25X MIC) was found to reduce the chance by 
which inducible resistant organisms became eradicated upon prolonged exposure 
during the induction step, which would otherwise cause underestimation of the 
induction rate. Exposure to ciprofloxacin at 25X MIC appeared to result in a higher 
rate of resistance to gentamicin and rifampicin under several conditions. These 
included a higher resistance rate for each of these two drugs in the log phase 
population (Figures 6a and 7a). Such findings were not only consistent with those 
recorded when a ciprofloxacin concentration of SOX MIC was used in the induction, 
but also showed that the resistance rate recorded was highly dependent on the level 
of resistance inducible under specific conditions and the duration by which the 
resistant organisms endured the bactericidal effects of the inducing agent. 
Furthermore, it is interesting to note that ciprofloxacin induction of a log phase 
population of strain BW2S113 at O.SX MIC resulted in emergence of a few isolates 
which exhibited reduced ampicillin susceptibility (Figure 9, Table 4 ). Such isolates 
were extremely rare as ampicillin resistance was not inducible under all conditions 
tested, when the concentrations of the induction drugs were either sub-inhibitory or 
as high as SOX MIC. It was also the only drug which did not produce apparent 
induction effects either on its own basal resistance rate or that of other antibiotics. 
Apart from the observation that the final resistance rate detectable under a given 
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induction condition was dependent on the interaction between different induction 
parameters, it should also be noted that in this study, both sub-inhibitory (O.SX MIC) 
and bactericidal (SOX MIC) concentration was tested for their respective induction 
effects on the log phase population, whereas SOX MIC was applied to the 
non-growing and drug tolerant starving and stationary phase populations. Our results 
showed that induction with SOX MIC of ampicillin, ciprofloxacin and gentamicin, 
but not rifampicin, resulted in eradication of the majority of the log phase population 
at 24 hours, presumably including all members of resistant sub-population which did 
not exhibit a susceptibility level of SOX MIC or above (Figures 2a(ii), 4a(ii)), yet 
starving and stationary phase populations were not affected (Figures 1 b, 2b, 2c, 4b, 
4c). In view of the aforementioned situation in which a high dosage (SOX MIC) of 
gentamicin was unable to eradicate the intrinsic resistant sub-populations of wild 
type organisms when the population was subjected to starvation (Figure 2b ), the 
differential killing effects of gentamicin on sub-population resistant organisms under 
different physiological conditions appeared to depict a putative role of bacterial 
physiological responses in drug susceptibility. Further investigation into the nature of 
such responses is beyond the scope of this study. 
Subsequent analysis of the drug susceptibility profiles of the ciprofloxacin resistant 
isolates inducible by ciprofloxacin itself showed that they were specifically resistant 
to ciprofloxacin only, and that none of these ciprofloxacin resistant isolates were 
derived from the pre-existing gentamicin or rifampicin resistant isolates as such 
isolates did not exhibit reduced susceptibility to these two drugs (Tables S, 6a). 
Ciprofloxacin resistant mutants generally exhibited an MIC of 0.2S to O.S f.lg/ml, 
which was equivalent to 16-32X MIC of the starting strain. The MIC tests also 
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revealed that the few ampicillin resistant isolates recovered under ciprofloxacin 
induction at 0.5X MIC exhibited a MIC of 4 to 16 f.lg/ml, which was equivalent to 
2-8X MIC of the wild type strain (Table 4 ). 
On the other hand, it is interesting to note that the sub-population gentamicin or 
rifampicin resistant isolates collected upon different induction and selection phase, 
including those recovered under ciprofloxacin induction, exhibited identical MIC 
profiles, and that cross-resistance was not observable (Tables 2a - 3b ). All gentamicin 
and rifampicin resistant isolates, regardless of the induction or selection conditions, 
were respectively resistant to gentamicin and rifampicin only. This feature was 
similar to the background resistant isolates collected without an induction step. The 
resistance level of the rifampicin resistant isolates was particularly high, with the 
MIC for almost all resistant isolates selectable by rifampicin being over 64J.lglml or 
32-fold of original MIC for the wild type strain. Gentamicin resistant isolates mostly 
exhibited a MIC range of 0.5 to 4 f.lg/ml, or 1-8X MIC of wild type strain; yet a few 
isolates, mostly recovered under ciprofloxacin induction, exhibited cross-resistance 
to rifampicin with a MIC of 64 J.lg/ml or above (Table 3a). 
Analysis of nucleotide sequences of two reporter genes, gyrA and rpoB, in selected 
isolates showed that all ciprofloxacin resistant isolates, regardless of the induction 
and selection conditions in which the isolates were recovered, harbored an identical 
mutation at codon 83 in the gyrA gene (TCG____, TGG), which resulted in a change in 
the encoded amino acid from serine to leucine (Tables 5, 6a). Consistent with the 
drug susceptibility data, all ciprofloxacin resistant mutants tested did not harbor any 
mutations in the rpoB gene. 
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On the other hand, sequence analysis of rifampicin resistant isolates showed that they 
contained mutations clustered within codon 516 to 570 of the rpoB gene, involving 
the following four codons specifically: codon 516, 531, 534, and 570 (Tables 6b, 7). 
Importantly, identical mutations were observable in resistant isolates recovered under 
different induction conditions, including those recovered with or without antibiotic 
induction. For example, a rifampicin resistant isolate (Table 6b) recovered from a log 
phase culture without induction pressure contained the same mutational change 
(codon 516 GAC~GGC, encoding the Asp~Gly change) as that of a strain isolated 
in a log phase population which had been subjected to ciprofloxacin induction, 
followed by rifampicin selection (Table 6b ). None of the rifampicin resistant mutants 
was found to harbor gyr A mutations. Due to a lack of candidate genes for which 
mutations were known to confer gentamicin resistance, the molecular basis of 
gentamicin resistance was not investigated in this study. 
Broth Selection Approach 
On the basis of findings in the antibiotic resistance or mutation induction 
characteristics by the agar selection approach, we further-performed a broth selection 
experiment to confirm the qualitative difference in resistance formation and assess 
the mutation site specificity of the most competitive resistant isolates that became the 
dominating organisms upon antibiotic selection in a broth culture. 
The advantage of using a broth selection method was that the results could 
complement the agar approach by differentiating between the existence and absence 
of resistant organisms in a population subjected to antibiotic induction, since 
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organisms with reduced drug susceptibility could be amplified in a liquid broth 
containing a selection drug. This method was especially useful in cases where the 
number of resistant organisms that emerged at the induction phase was very small. 
On the basis of results obtained from the solid agar selection experiments, several 
induction parameters were tested in the broth approach. These included (i) no 
induction agent, (ii) four induction drugs (ampicillin, ciprofloxacin, gentamicin and 
rifampicin), (iii) two incubation periods (3 and 24 hours) and (iv) two physiological 
stages (log and stationary phase). Bacterial populations which had been exposed to 
different induction conditions were subsequently subjected to selection by 
ciprofloxacin and rifampicin to identify the induction conditions which were able to 
produce ciprofloxacin and rifampicin resistant organisms, as well as the resistance 
and mutation characteristics of these organisms. This study approach was applied to 
the wild type strain (Tables 8a(i)- 9b(ii)) as well as specific gene knock-out mutants 
(Tables 1 Oa(i)- 11 b(ii)) to determine if specific genetic determinants played a role in 
defining the resistance and mutation induction characteristics of Escherichia coli. 
Strain MG1655 
Using the wild type strain MG 1655 as a model organism, several important antibiotic 
induction characteristics were observed when ciprofloxacin was used as the selecting 
agent. Firstly, the combined induction and selection conditions resulted in selective 
amplification of pre-existing or inducible mutants and produced a high density 
culture of resistant mutants in only a limited number of cases, yet the inhibitory 
conditions did not cause total eradication of the test population, so that drug tolerant 
organisms were often recoverable when the selection broth were plated on agar 
49 
without antibiotics. As shown in Tables 8a(i) - 8b(ii), which list the results of the 
broth selection assays, tolerant organisms which remained susceptible to both 
induction and selection drugs upon isolation were detectable even in log phase 
population, which was expected to be extremely sensitive to the bactericidal effects 
of the induction and selection antibiotics, especially during a prolonged induction 
phase. For example, exposure of a log phase population to ampicillin or gentamicin 
for 24 hours, followed by ciprofloxacin selection, produced tolerant organisms which 
remained susceptible to all the four test drugs (Table 8a(i)). However, such tolerant 
populations were not detectable if the populations were only subjected to 3 hours 
exposure to these two drugs prior to ciprofloxacin selection. It appeared that the size 
of the drug tolerant population increased slightly during the induction stage. On the 
other hand, the chance of isolating tolerant organisms appeared to differ between log 
and stationary phase populations, because tolerant organisms were detectable in 
stationary phase cells upon 3 hours induction of by ampicillin and gentamicin, yet 
such organisms were eradicated when the exposure time was extended to 24 hours 
(Table 8a(ii)). 
A second feature that we observed in the ciprofloxacin selection experiments was 
that neither tolerant nor resistant organisms were detectable in the no drug control for 
both log and freshly collected stationary phase populations (Tables 8a(i), 8a(ii) ). In 
contrast, an aging stationary phase culture which was collected 24 hours after the test 
population had reached stationary phase was found to contain ciprofloxacin resistant 
organisms (Table 8a(ii)). Consistent with the findings in the agar selection approach, 
3 hours exposure of both log and stationary phase populations to ciprofloxacin was 
also found to induce emergence of organisms which were specifically resistant to 
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itself. It should be noted that ciprofloxacin resistance also emerged in the log phase 
population after being subjected to rifampicin induction (Table 8a(i)). The 
ciprofloxacin resistant isolates recovered under such conditions remained susceptible 
to rifampicin. 
Our data showed that emergence of resistant isolates at the selection phase was not 
due to selective amplification of such isolates at the induction step, because resistant 
organisms were not recoverable in the stationary phase sample which had been 
subjected to 24 hours induction. Ampicillin and gentamicin were not found to induce 
development of cross resistance to itself or other drugs which were selectable by 
ciprofloxacin. Upon exposure of a log phase population to rifampicin for 24 hours, 
however, a rifampicin-specific resistant isolate was recoverable as tolerant organism 
upon ciprofloxacin selection (Table 8a(i)). To determine whether emergence of this 
isolate was due to rifampicin induction or selection of pre-existing resistant 
organisms during the induction stage, we analyzed the data obtained when rifampicin 
was used as the selecting agent. As shown in Tables 8b(i) and 8b(ii) which depict the 
induction conditions in which rifampicin resistant mutants could emerge, 
pre-existing mutants appeared to be responsible for all recoverable rifampicin 
resistant isolates, as such isolates were also detectable in the no drug induction 
controls of both log and stationary phase populations. Interestingly, an isolate which 
exhibited cross-resistance to both ciprofloxacin and rifampicin was also recovered in 
the log phase population when ciprofloxacin and rifampicin were used as the 
induction and selection agents respectively (Table 8b(i)). Such cross-resistant isolates 
were not detectable in stationary phase culture (Table 8b(ii)). Consistent with what 
we observed in the ciprofloxacin selection experiments, short term (3 hours) 
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exposure of the log phase population to ampicillin and gentamicin followed by 
rifampicin selection resulted in total eradication of the population. However, both 
tolerant and resistant organisms re-emerged if the exposure time was prolonged to 24 
hours (Table 8b(i)). In stationary phase population, resistant organisms were 
selectable in all induction conditions when rifampicin was used as the selection drug 
(Table 8b(ii) ). 
The drug tolerant and resistant isolates recovered in the broth selection assays were 
subjected to detailed analysis of the drug susceptibility and genetic profiles of the 
two reporter genes, gyrA and rpoB. As shown in Tables 8a(i)- 8b(ii), most tolerant 
isolates remained susceptible to all the four test antibiotics, regardless of the 
induction and selection conditions in which they were collected. One exception being 
a log phase population which exhibited ciprofloxacin tolerance and gentamicin 
resistance after being subjected to gentamicin induction and ciprofloxacin selection 
(Table 8a(i)). In contrast, such isolates were not recoverable in stationary phase 
populations after being subjected to the same treatment. In fact, a 24-hour gentamicin 
induction resulted in total eradication of the test population, so that ciprofloxacin 
tolerant organisms were not recoverable (Table 8a(ii)). The drug susceptibility data, 
which depicted uneven distribution of conditions which gave rise to formation of 
ciprofloxacin resistant organisms, generally revealed that the ciprofloxacin selection 
process did not preferentially induce formation of ciprofloxacin resistant isolates if 
the population which had been subjected to induction did not contain resistant 
organisms. In contrast, the rifampicin selection data indicated that all detectable 
resistance phenotypes were attributed to the selection drug, that is, rifampicin. An 
exception being the cross-resistant isolate recoverable upon ciprofloxacin induction 
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and rifampicin selection ('Table 8b(i)). In terms of drug susceptibility level, all 
ciprofloxacin resistant isolates exhibited a MIC of no more than 0.25 J.lg/ml (Table 
8a(i), 8a(ii)), whereas the rifampicin resistant organisms commonly displayed a MIC 
of 512 f.lg/ml or more (Table 8b(i), 8b(ii)). 
The genetic profiles of the resistant isolates collected in the broth selection approach 
were largely consistent with those obtained in the agar selection experiments. All 
ciprofloxacin resistant isolates were found to, contain an identical mutation at 
position 83, which resulted in a Ser ~ Leu change. The rifampicin resistant mutants 
again exhibited a spectrum of mutations, among which codons 516, 526 and 531 
were the most frequently mutated sites. It should be noted that identical mutants 
could be recovered under conditions that involved different induction drugs or 
physiological stages of the test populations. The discrepancy between the resistance 
induction characteristics of 3 and 24-hour exposure was also highlighted by the 
finding that the rpoB mutation profile differed between isolates collected in the same 
population subjected to 3 and 24 hours induction (Tables 8b(i), 8b(ii)). For example, 
a stationary phase population subjected to 3 hour induction by gentamicin produced a 
526 His~ Asp change in the rpoB gene upon rifampicin selection, yet a 526 
His~ Leu mutant was recovered in the same population when the duration of 
gentamicin induction was extended to 24 hours (Table 8b(ii)). Interestingly, an rpoB 
deletion mutant was recovered when a log phase population was subjected to 
ciprofloxacin induction for 3 hours (Table 8b(i)). This type of mutant was not 
recovered in the no-drug control or the induction samples involving other antibiotics. 
Strain BW25113 
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The broth selection approach was also applied to another wild type strain, B W25113, 
to examine the reproducibility of the resistance induction potential of the test 
antibiotics and other physiological parameters. The results generally resembled those 
observed in the MG 1655 strain in several aspects: (i) exposure to ampicillin and 
gentamicin for 3 hours produced neither tolerant nor resistant organisms upon 
ciprofloxacin selection, yet tolerant organisms re-emerged after 24 hours induction 
by these two drugs (Table 9a(i) ); (ii) ciprofloxacin resistant isolates were rarely 
detectable in the no-drug controls but emerged upon inducti9n by itself or rifampicin 
(Tables 9a(i), 9a(ii)); (iii) rifampicin resistant organisms were detectable in almost all 
conditions, regardless of the nature of induction drug, duration of exposure and 
physiological stage of the test population (Tables 9b(i), 9b(ii)); (iv) analysis of the 
drug susceptibility and mutation profiles of selected isolates showed that they mainly 
exhibited reduced susceptibility to the selection drug, and that mutations mostly 
occurred at specific codons in the target genes (Tables 9a(i), 9a(ii), 9b(i), 9b(ii)). 
Nevertheless, several isolates with reduced ampicillin susceptibility were recovered 
in samples which had been subjected to ampicillin induction and ciprofloxacin or 
rifampicin selection (Tables 9a(i), 9b(i) ). It should be noted that isolates with reduced 
ampicillin susceptibility had not been isolated in the MG 1655 strain as well as in 
most solid agar experiments except in the case of ciprofloxacin induction at 0.5X 
MIC (Figure 9, Table 4). 
recA Deletion Mutant 
The broth selection approach was applied to a gene knock -out mutant in which the 
recA gene had been deleted, and the resistance/mutation induction characteristics of 
this mutant were recorded and compared to those of the wild type strain. As shown in 
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Tables 1 Oa(i) and 1 Oa(ii) which displayed the effects of ciprofloxacin screening of 
bacterial populations that had been subjected to different induction conditions, none 
of the conditions tested were able to produce ciprofloxacin resistant mutants which 
were selectable by a concentration of 1 OX MIC. In fact, the chance by which the 
entire population was eradicated during the induction step was much higher than that 
of the wild type strain, so that the rate of recovering tolerant organisms during the 
selection step was much lower. Rifampicin induction was among the few conditions 
in which ciprofloxacin tolerant organisms could be produced. In one case in which a 
log phase population was subjected to 24-hour induction, a rifampicin resistant 
isolate was recovered among the ciprofloxacin tolerant organisms collected after the 
selection step (Table 1 Oa(i)). 
Contrary to findings of ciprofloxacin selection, the use of rifampicin as a selecting 
agent resulted in recovery of rifampicin resistant organisms in most cases, including 
the no-drug control at both log and stationary phase (Tables 1 Ob(i), 1 Ob(ii)). The only 
conditions which did not produce selectable organisms in rifampicin agar were the 
log phase populations which had been subjected to ampicillin and ciprofloxacin 
induction, where tolerant organisms could be recovered (Table 1 Ob(i) ). Analysis of 
drug susceptibility profiles showed that all rifampicin resistant isolates were 
specifically resistant to this drug only, with a MIC of 128 to >512 J.lglml. Further 
analysis of the genetic profile of the two reporter genes, gyr A and rpoB showed that 
all rifampicin resistant isolates carried a mutation in the rpoB gene. Codons in which 
mutations were identified included 513 Gln, 516 Asp, 526 His, 531 Ser and 564 Pro. 
One interesting feature that we noted when comparing the mutation profile of 
isolates recovered under different induction conditions was that the nature of 
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mutations detectable in the drug induced samples was often identical to that of the 
no-drug control. For example, a 513 Gln~Leu change was detectable in a log phase 
population without antibiotic induction as well as subsequent to exposure to 
ampicillin for 24 hours. The mutation types identifiable in drug-induced stationary 
phase populations also matched exactly those of the no drug control. Such 
relationship was not observable in the no-drug control and induction samples of the 
wild type strain. No gyrA mutations were detectable in rifampicin resistant mutants. 
Importantly, deletion mutants were again recoverable in the stationary phase 
population after being subjected to ciprofloxacin induction. Interestingly, the nature 
of deletion identified in the rpoB gene of isolates collected at the 3 and 24-hour 
induction samples differed from each other. Such rpoB deletion mutants of the recA 
knock-out strain were not detectable in other induction I selection conditions. 
mutS Deletion Mutant 
Exposure of the mutS deletion mutant to antibiotics resulted in a unique characteristic 
of resistance/mutation induction which was different from that of the wild type strain 
or recA deletion mutant. Firstly, although ciprofloxacin resistant organisms were not 
detectable in log phase population in the absence of any induction pressure, they 
frequently emerged at both 3 and 24 hours when ciprofloxacin itself was used as the 
induction drug (Table 11 a(i) ). The phenomenon of frequent emergence of 
ciprofloxacin resistant organisms was even more apparent in the stationary phase 
population of this mutant strain, which appeared to harbor the resistant mutants 
regardless of induction condition (Table 11 a(ii) ). In fact only the 24 hours gentamicin 
induction sample did not produce resistant organisms selectable in the ciprofloxacin 
agar plate (Table lla(ii)). 
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Drug susceptibility analysis demonstrated a generally elevated trend in the MICs 
measurable for all the four test drugs, regardless of the induction conditions from 
which the test isolates were recovered. For example, a ciprofloxacin tolerant isolate 
recovered after ampicillin induction was found to exhibit an ampicillin MIC of 128 
J..tg/ml (Table 11 a(i)). Another isolate which was recovered after being subjected to 
ciprofloxacin induction and selection displayed an MIC of 8 J..tg/ml (Table 11a(ii)). 
Such elevated ampicillin MIC was not observable in all other induction I selection 
conditions in both wild type and ~recA background. 
Apart from ampicillin, the MICs of ciprofloxacin, gentamicin and rifampicin were 
also found to be elevated in the ciprofloxacin-selectable organisms of the mutS 
knock-out strain when compared to the wild type or the ~recA strain, regardless of 
physiological stage or induction conditions. In these organisms, the highest 
ciprofloxacin MICs recorded was up to 2 J..tg/ml, the gentamicin MICs were in the 
range of 2 to 4 J..tg/ml, whereas those of rifampicin were 8 to 32 J..tg/ml (Tables 11 a(i), 
11a(ii)). These values were much higher than that of the wild type strain recorded 
after the induction and selection steps, where organisms commonly exhibited a 
gentamicin and rifampicin MIC of <0.5 and <4 J..tg/ml (Tables 8a(i)-1 Ob(ii)). 
Nucleotide sequence analysis showed that all isolates which exhibited an elevated 
ciprofloxacin MIC of 0.5 J..tg/ml or above harbored a 83 Ser~ Leu change, yet these 
isolates did not contain rpoB mutations despite the fact that rifampicin MIC was also 
elevated (Tables 11 a(i), 11 a(ii)). 
When rifampicin was used as the selection drug, resistant mutants emerged under 
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almost all conditions, including the no-drug controls. The reduced susceptibility 
phenomenon was also observed among these mutants (Tables 11 b(i), 11 b(ii)). Log 
phase organisms of the mutS mutant which had been subjected to ampicillin 
induction again displayed a high MIC (up to 128 f.lg/ml); since rifampicin resistance 
was also selectable upon screening in rifampicin plates, such isolate therefore 
exhibited cross-resistance to both drugs (Table 11 b(i)). Likewise, gentamicin 
susceptibility was also elevated in the mutS mutant, with or without further antibiotic 
induction and selection pressure (Tables 11 b(i), 11 b(ii)). In this mutant background, 
however, ciprofloxacin susceptibility did not alter upon rifampicin selection, except a 
case in which ciprofloxacin resistant organisms was detectable upon its own 
induction (Table 11 b(i) ). In this case, the selected organisms therefore exhibited 
resistance to both ciprofloxacin and rifampicin. Nucleotide sequence analysis 
revealed a distinct feature of the rpoB mutation pattern of isolates selectable on 
rifampicin agar plates: almost all isolates contained an identical mutation in codon 
516, with a resultant Asp~Gly change. Such mutation pattern sharply differed from 
those observable in the wild type and DrecA strain. Unlike the MG 1655, the 
BW25113 and the D recA strain, no rpoB deletion mutant was recovered when the 
mutS knock-out strain was subjected to ciprofloxacin induction. 
58 
Discussion 
Development of Resistance Induction Assay 
This study described the development of a complex resistance induction assay for 
assessing the potential by which antibiotics elicit mutations in both target and 
unrelated genetic loci. Data presented in this study showed that the use of a 
consecutive cross induction and selection approach allowed us to successfully depict 
the sole effect of antibiotic stress on basic cellular processes that regulated both 
mutation rate and target specificity. This study approach was also effectively adopted 
to examine the role of other physical or physiological parameters in regulating 
mutation formation. One important strategy in devising the resistance induction assay 
is that, through comparison of the induction samples to the no-drug control, which 
reveals the basal mutation rate and profiles attributable to spontaneous mutations, we 
were able to determine whether a test drug only exhibited selection pressure on 
existing mutants or it could simultaneously elicit formation of excessive genetic 
changes which might or might not differ from those of spontaneous mutants. 
The usefulness of this comparative induction and selection approach was exemplified 
in the ciprofloxacin induction assays, in which resistance was often detectable in 
assays which contained a drug induction step, but not the selection control. This 
finding was significant especially in the context of the log phase population, which 
should contain much fewer viable organisms than the no-drug control at the end of 
the induction phase due to more effective eradication of non-tolerant organisms. On 
the other hand, the use of stationary phase populations as well as those under 
starvation stress was particularly useful in depicting the resistance induction effects 
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of antibiotics because the selective advantages of resistant mutants would be 
diminished in such cultures, which mainly comprised non-growing or tolerant 
population. We could therefore abolish and disregard the effects of selective 
amplification of all inducible or spontaneous mutants in the presence of the induction 
drugs, which would otherwise prevent us from accurately determining the actual 
frequency or nature of mutants that pre-existed in the test population before 
induction, as well as those which emerged after the induction process. 
Comparison between the induction effects of the test drugs on log and stationary 
phase culture also allowed us to successfully determine the relative impact of 
bacterial physiological status on mutation development with or without antibiotic 
stress; indeed both solid agar and broth selection experiments suggested that the 
probability of mutation formation was not elevated in the stationary phase population 
in most conditions (Figures 2c, 3c, 6c, 7c). In this study, findings in solid agar and 
broth selection appeared to complement each other, allowing us to evaluate the rate 
of emergence and genetic profiles of both spontaneous and inducible mutants 
respectively. 
The use of a relatively small starting population was also advantageous in the sense 
that the chance of recovering spontaneous mutants was concomitantly lowered, so 
that all detectable mutants might be attributable to drug induction rather than 
selection of pre-existing mutants, except in the cases of gentamicin and rifampicin 
for which a high mutation background was observable. The use of two different 
induction periods also facilitated assessment of the selection pressure by which the 
induction drug imposed on both pre-existing and inducible mutants. In this study, a 
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discrepancy in the frequency and nature of resistant isolates recovered after 3 and 
24-hour induction suggested that the selection pressure in the induction phase was 
minimal, thus further indicating that the number of organisms selectable before and 
after induction reflected the size of original and drug-inducible mutant populations 
respectively. 
Contrary to the effect of selective amplification of mutants during the induction 
phase, it was likely that some inducible mutants which emerged within a short period 
of drug exposure were not able to survive a prolonged induction phase, thereby 
producing a discrepancy between the 3 and 24 hours results. An example is that 
ciprofloxacin resistant mutants were observable after exposure of the log phase 
population to this drug for 3 hours but not 24 hours (Table 8a(i) ). On the other hand, 
it is also possible that formation of specific mutations requires prolonged drug 
exposure, thereby emerging only after 24 hours induction. This type of mutants was 
not observable in this study, however, because ciprofloxacin mutants were mostly 
inducible at 3 hours whereas rifampicin mutants appeared to be insensitive to the 
length of antibiotic exposure. 
Induction drug concentration was another prime factor which determined the number 
and nature of mutants that emerged at the end of the induction phase, because the 
concentration used might exert both induction and eradication effect on the test 
population. Indeed the use of ciprofloxacin at 2SX and SOX MIC was found to 
produce differential induction characteristics (Figures la- 3c, Sa- 7c). 
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Background Resistance to Gentamicin and Rifampicin 
An extremely high rate of gentamicin and rifampicin resistant mutants was detectable 
in the test population regardless of the physiological stage and induction and 
selection conditions. Such observation suggested that these mutants pre-existed in the 
test population in the absence of either starvation or antibiotic-induced stress. It is 
interesting to note that such intrinsic mutants did not acquire a higher resistance level 
or exhibit cross-resistance to other drugs upon further exposure to the test agents. It 
may be appropriate to view these background mutations as polymorphisms that 
constantly sprung up upon replication of wild type organisms and existed at a fixed 
proportion in all populations. Such intrinsic mutants have not been reported 
previously in the literature. 
In clinical settings, acquisition of gentamicin resistance is often attributed to 
horizontal transfer of extra-chromosomal determinants of amino glycoside modifying 
enzymes (Murray and Moellering, 1979). In this study, the test population could not 
have acquired such elements due to its isolation from the external environment 
throughout the course of the experiment. In addition, neither spontaneous nor 
inducible mutations could have produced a structural gene encoding for an 
aminoglycoside modifying enzyme. We therefore envision that the molecular basis of 
the intrinsic gentamicin resistance observed in this study resides in the vicinity of the 
drug target or structural elements which have an impact on drug binding upon 
mutation-induced structural changes. Possible candidates of such elements include 
ribosomal RNA as well as various ribosomal proteins (Melancon eta!., 1988). 
Considering the nature of origin of mutations responsible for intrinsic gentamicin 
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resistance, it is not surprising that these intrinsic mutants did not appear to exhibit a 
higher potential of developing resistance to other drugs or a higher resistance level to 
gentamicin itself in cross induction experiments. The intrinsic nature of mutations 
responsible for gentamicin resistance and the inability of gentamicin to induce 
resistance to other drugs suggest that aminoglycosides do not have any impact on 
bacterial mutation rate despite its effect on corrupting protein synthesis including the 
production of mismatch repair enzymes (Balashov eta!., 2003). 
For intrinsic rifampicin resistance, the background mutations were found to be 
scattered among specific codons which matched the known hot spot mutation sites in 
the rpoB gene of clinical isolates, including those of other bacterial species such as 
Mycobacterium tuberculosis (Ohno eta!., 1996). The emergence of a resistant 
clinical isolate is regarded as the result of a selective amplification process driven by 
antibiotic selection pressure, yet in this study a bacterial population which had been 
subjected to minimal selection pressure such as those isolated by the agar selection 
method harbored a mutation spectrum similar to that observable in clinical isolates 
(Ohno eta!., 1996). This finding strongly supports the notion that rpoB gene 
mutations are pre-determined in the wild type population which has not been 
subjected to any rifampicin induction and selection pressure, and that such mutations 
are not random in nature; it therefore appears that such mutations do not originate 
from spontaneous changes inflicted during the nucleic acid replication process. The 
fact that rpoB mutants are incapable of predisposing further drug resistance 
phenotypes in the host organisms upon drug exposure supports the view that such 
mutants are not more efficient in launching cellular mechanisms which can further 
alter the basal mutation rate or spectrum in bacteria. 
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Resistance Induction Effect of Ciprofloxacin 
Ciprofloxacin was the only drug which consistently exhibited a positive effect on 
mutation formation. As compared to gentamicin and rifampicin, basal resistance to 
ciprofloxacin was rare in the selection controls, but inducible resistance emerged 
mainly in situations where the test population had been exposed to this agent. The 
finding that a ciprofloxacin resistant mutant could be isolated when rifampicin was 
used to select a population which had been subjected to ciprofloxacin induction 
strongly suggested the mutagenic properties of this drug (Tables 8b(i), 11 b(i)). The 
fact that ciprofloxacin could induce occurrence of deletions in the rpoB gene (Tables 
8b(i), 1 Ob(ii) ), however, suggests that the mutagenic effect of this drug is not target 
specific or adaptive in nature. Our data also indicated that ciprofloxacin-inducible 
mutations occurred among the drug-tolerant or non-growing populations. In 
particular, resistant organisms were selectable after a log phase population had been 
subjected to ciprofloxacin induction at bactericidal concentration, which was 
supposed to eradicate the majority of the non-tolerant population. These findings 
constitute strong evidence that either the intrinsic mutagenesis mechanisms or 
turnover of nucleic acids is activated when bacteria encounter specific stress 
including those elicited by exposure to fluoroquinolones. We also speculate that the 
few cases where resistance was detected in the no drug control could also be due to 
the drug induction or mutagenic effect in the selection medium, although it is not 
possible to determine the relative mutation induction effect in this medium. The fact 
that the probability of recovering ciprofloxacin resistant mutants was not higher in a 
stationary phase culture, which contained a much bigger size of viable bacterial 
population by the end of the induction process, suggested that the chance of mutation 
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formation in the presence of ciprofloxacin was not closely related to either the 
physiological state or population size. 
It is interesting to note that ciprofloxacin resistant mutants often emerged after three 
hours induction yet disappeared in the 24 hours sample (Tables 8a(i), 8a(ii), 9a(ii)). It 
is highly likely that mutation induction is a relatively rapid process, and that 
prolonged exposure to this drug actually led to eradication of the newly emerged 
mutants, especially those which harbored alternative mutation that affected the 
survival fitness of the organism. Given the fact that prior exposure to ciprofloxacin 
could lead to a higher frequency of mutants selectable by specific antibiotic, yet 
mutants that exhibited cross-resistance to multiple drugs were not recoverable, we 
believe that the exogenous mutagenic pressure exerted by ciprofloxacin only played 
a minor or supplementary role in defining the ultimate mutation patterns of the 
selectable mutants, and that mutation site specificity appeared to be pre-determined 
by some poorly characterized cellular mechanisms or structural constraints that led to 
an uneven mutagenic potential among specific fragments of drug target gene. This 
view was further supported by the observation that ciprofloxacin could only alter the 
mutation rate but not site specificity in the gyr A gene. 
Extensive studies have been documented in the literature on the mutation induction 
effects of fluoroquinolones (Ferrero, Cameron and Crouzet, 1995; Olofsson et a!., 
2007; Cambau eta!., 2009). However, the vast majority of these works focused on 
the mutant selection potential of this class of antibiotic as well as the resultant 
mutation profiles of either in vitro selected organisms or clinical isolates, without 
addressing the origin of mutations. The mutagenic effects of fluoroquinolones have 
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also been documented (Sierra et al., 2005), but the basis of mutation bias observable 
in the gyr A gene remained unexplained. Findings in this study therefore provide a 
novel insight into combined effect of both endogenous and exogenous mechanisms 
on regulating mutational changes in this key drug target determinant. 
Relative Effects of recA and mutS Deletion 
Results of deletion mutant studies provide evidence that the basic cellular 
mechanisms that regulate the fidelity of nucleic acid synthesis at least play a partial 
role in determining the intrinsic mutation profiles observable in various antibiotic 
resistance genes. Importantly, deletion of the recA gene resulted in failure to develop 
gyr A mutations under all conditions. As the RecA protein plays a role in cleaving the 
LexA repressor of the SOS response which in tum up-regulates the efficiency of 
DNA repair, error-prone mutagenesis or other stress-related physiological changes 
(He et al., 2006), a lack of RecA function would therefore lead to constitutive 
production of LexA repressor, which in tum keeps basal mutageneis activities at a 
minimum. Such hypothesis is therefore consistent with a reduced mutation rate in the 
gyr A gene, and the view that production of gyr A mutation is dependent on the basal 
error prone polymerase activities regulated by the basal SOS response-related signals. 
In view of the rather non-specific nature of mutational changes inflicted by such 
error-prone polymerase, however, we believe that other undefined mechanisms are in 
force to restrict the gyr A mutation sites to specific codons. 
On the other hand, we also noted that recA deletion mutants were often 
hypersensitive to ciprofloxacin (Tables 1 Oa(i), 1 Oa(ii)), failing to develop into a 
tolerant state under a number of test conditions. This finding is consistent with those 
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documented in the literature (Cirz et al., 2005) which suggested that mutated gyrase 
proteins caused a higher incidence of replication fork collapse, thus rendering the 
cells more dependent on homologous recombination. As a result, 
RecA/RecBC-mediated recombination is believed to be important for the survival of 
cells in the presence of ciprofloxacin (Cirz et al., 2005). 
The fact that formation of rpoB mutations was not affected in the recA deletion 
mutant suggested that SOS mediated mutagenesis did not play a significant role in 
producing intrinsic mutations in this resistance gene, which appeared to be mediated 
by some hitherto unknown mechanisms that defined the site specificity of such 
intrinsic mutations. However, we observed that the rpoB mutation profiles detected 
in mutants which had been subjected to drug induction were identical to those 
observed in the respective no-drug control in each assay (Tables 1 Ob(i), 1 Ob(ii)); 
since such correlation was not observed in the wild type strains, we deduce that the 
SOS response-mediated basal mutagenesis activities also play a role in modifying the 
basal mutation patterns in the wild type strain during cell replication. The 
discrepancy in the effect of recA deletion on the mutation patterns in the gyr A and 
rpoB gene implies that the observable mutations in different resistance genes 
originated from the activities of differential mechanisms that determined the fidelity 
of the sequences of newly synthesized nucleic acids. On the other hand, the fact that 
ciprofloxacin was still able to induce formation of rpoB gene deletions in a recA 
deletion background indicated that the mutagenic effect of ciprofloxacin was not 
mediated through the SOS response. 
The effect of mutS deletion appeared to resonate with those of the recA deletion in 
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that a lack of mismatch repair activities resulted in an exceedingly high frequency of 
emergence of mutations in the gyr A gene in both induction samples and the no-drug 
controls (Tables 11 a(i), 11 a(ii) ). In addition, resistant mutants generated from the 
!1mutS strain exhibited a much higher level of resistance to ciprofloxacin than those 
derived from a wild-type background. As higher resistance level to fluoroquinolones 
generally requires development of 3 to 5 mutations in different resistance genes 
(gyrA , gyrB, parC, parE, marOR and acrR) (Lindgren, 2003), it is expected that a 
lack of MutS function would cause production of a larger number of mutations than 
mutants derived from the wild-type strains. 
Although it is not clear whether production of these extra mutations was the result of 
lack of MutS activity alone or an enhanced sensitivity to induction by ciprofloxacin 
present in the induction or selection medium, these findings further strengthen our 
view that both basal and inducible mutagenesis and proofreading mechanisms are 
responsible for producing the final mutational patterns that we observed in 
differential resistance genes. The fact that the gyr A mutation pattern was not altered 
in the absence of a mismatch repair mechanism confirmed that the mutation site 
specificity of gyr A was also defined by the intrinsic architecture of nucleic acid 
folding which determined the flexibility by which an amino acid could be replaced 
by others. The observation that a lack of mismatch repair resulted in production of 
rpoB mutations which were specifically mutated at codon 516 probably suggested 
that a lack of MutS mediated mismatch repair could lead to failure in correcting 
mutational changes at this codon. 
68 
Putative Origins of Antibiotic Resistance Gene Mutations 
Data in this work revealed that multiple endogenous regulatory mechanisms were 
responsible for determining the dynamic changes in the genetic profile of key 
antibiotic resistance genes in a bacterial population. The intrinsic mutagenesis and 
mismatch repair mechanisms that regulate the fidelity of DNA synthesis are two 
major factors that determine the variation in mutation frequency and site specificity 
in different environmental conditions. It also appears that various types of physical 
constraints that determine the susceptibility of differential nucleic acid fragments to 
the endogenous mutagenic and repair mechanisms also play a role in defining the 
specificity of mutation sites. Whether the process of producing site-specific 
mutations has to undergo a hypermutation phase remains to be elucidated (Gonzalez 
et al., 2008). 
From the perspective of mutation induction effect of exogenous factors , our data 
showed that antibiotics did not have a significant effect in altering the basal mutation 
rate or site of changes. Fluoroquinolones were the only antibiotic class which 
exhibited further impact on the basal resistance rate but rarely on site specificity, 
because the mutation rate of non-target resistance genes was also elevated in the 
presence of this class of antibiotic. The degree by which this effect is mediated 
through up-regulation of intrinsic mutagenesis pathways such as those regulated by 
SOS responses appears to be highly variable between different genetic loci, as 
exposure to ciprofloxacin exhibited differential mutagenic effects in the rpoB and 
gyrA genes in the recA deletion background. Nevertheless, antibiotics exert a mutant 
screening effect, regardless of the mutation origin, thereby playing an important role 
in determining the nature of mutants which can emerge under antibiotic stress. 
69 
In conclusion, data presented in this study suggest that antibiotics do not actively 
induce formation of adaptive mutations in bacteria. Further investigation is required 
to delineate the basic mechanisms that define the gene and codon-specific changes in 
antibiotic resistance genes and identify new targets in development of strategies that 
suppress mutation formation in micro-organisms. 
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Tables and Figures 
Log/ starved/ stationary 
population 
Effect of bacterial 
physiology in resistance 
induction 
Induction: Amp/ Cip/ Gen/ Rif 






Drug specificity Genetic profile (2 reporter genes: 
in resistance gyr A and rpoB) 
induction Mutation site specificity 
Figure 1. Schematic representation of the overall experimental plan. Bacteria were 
grown to log or stationary phase respectively, followed by re-constitution of a log 
phase culture in minimal medium to produce starvation stress. Antibiotics (ampicillin 
(Amp), ciprofloxacin (Cip), gentamicin (Gen), rifampicin (Rif)) of different 
concentrations (0.5X MIC or SOX MIC) were added to each test culture, which were 
then subjected to 4 hours induction at 37°C with constant shaking (200 rpm). Upon 
induction, either one antibiotic selection method was applied: solid agar or liquid 
broth. The solid agar method allowed monitoring of the resistance rate through 
enumeration of emerging colonies. The liquid broth method facilitated investigation 
on mutation site specificity through detection of mutation in 2 reporter genes, gyr A 
and rpoB. Both methods allowed the investigation of drug specificity in resistance 
induction through testing of the minimal inhibitory concentrations (MIC) of the 4 
antibiotics in the isolated organisms. Controls to which no induction antibiotic was 











ND Cip Gen Rif 
Induction antibiotic 
e;;J 24 hr 
£ml Ohr 
Ei:il 3 hr 
Figure 2a. The effects of antibiotic induction (0.5X MIC) on the emergence of 
ciprofloxacin-resistant isolates in a log phase E. coli BW25113 population. Zero 
value in the y-axis indicates that viable organisms were not recoverable during 
selection. ND: no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: 
rifampicin. 
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li:i:i 3 hr 
m.m Ohr 
Figure 2b. The effects of antibiotic induction (SOX MIC) on the emergence of 
ciprofloxacin-resistant isolates in a stationary phase E. coli BW25113 population. 
Zero value in they-axis indicates that viable organisms were not recoverable during 
selection. *: The mutation rate in the ampicillin condition was less than 1 in 108 at 24 
hours. ND: no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: 
rifampicin. 
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Figure 3a(i). The effects of antibiotic induction (0.5X MIC) on the emergence of 
gentamicin- resistant isolates in a log phase E. coli BW25113 population. ND: no 







e;;J 24 hr 
Figure 3a(ii). The effects of antibiotic induction (SOX MIC) on the emergence of 
gentamicin- resistant isolates in a log phase E. coli BW25113 population. ND: no 
drug. Zero value in the y-axis indicates that viable organisms were not recoverable 
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ND ap Gen Rif 
Induction antibiotic 
11m Ohr 
ri:il 3 hr 
e3 24hr 
Figure 3b. The effects of antibiotic induction (SOX MIC) on the emergence of 
gentamicin- resistant isolates in an E. coli BW25113 population under starvation. ND: 
no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
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Figure 3c. The effects of antibiotic induction (SOX MIC) on the emergence of 
gentamicin- resistant isolates in a stationary phase E. coli BW25113 population. ND: 
no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
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&551 3 hr 
e;J 24hr 
Figure 4a(i). The effects of antibiotic induction (0.5XMIC) on the emergence of 
rifampicin-resistant isolates in a log phase E. coli BW25113 population. Zero value 
in the y-axis indicates that viable organisms were not recoverable during selection. 
















Figure 4a(ii). The effects of antibiotic induction (SOX MIC) on the emergence of 
rifampicin-resistant isolates in a log phase E. coli BW25113 population. Zero value 
in the y-axis indicates that viable organisms were not recoverable during selection. 
ND: no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
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Figure 4b. The effects of antibiotic induction (SOX MIC) on the emergence of 
rifampicin-resistant isolates in a E. coli BW25113 population under starvation. Zero 
value in they-axis indicates that viable organisms were not recoverable during 
selection. ND: no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: 
rifampicin. 
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ND Cip Gen 
Induction antibiotic 
Rif 
c.:.:.·.·i 0 hr 
~ 3hr 
e3 24hr 
Figure 4c. The effects of antibiotic induction (SOX MIC) on the emergence of 
rifampicin-resistant isolates in a stationary phase E. coli BW25113 population. ND: 
no drug, Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
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Figure 5a(i). Change in population density of a log phase E. coli BW25113 
population subjected to antibiotic induction (0.5X MIC). ND: no drug, Amp: 
ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
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2'Za 3 hr 
e;;;J 24 hr 
Figure 5a(ii). Change in population density of a log phase E. coli BW25113 
population subjected to antibiotic induction (SOX MIC). Zero value in they-axis 
indicates that viable organisms were not recoverable during selection. ND: no drug, 
Amp: ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
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Figure 5b. Change in population density when a E. coli BW25113 population under 
starvation was subjected to antibiotic induction (SOX MIC). ND: no drug, Amp: 
ampicillin, Cip: ciprofloxacin, Gen: gentamicin, Rif: rifampicin. 
84 






Figure 5c. Change in population density of a stationary phase E. coli BW25113 
population subjected to antibiotic induction (SOX MIC). ND: no drug, Amp: 









e;;;J 24 hr 
Figure 6a. The effects of ciprofloxacin induction (0.5X and 25X MICs) on the 
emergence of ciprofloxacin-resistant isolates in a log phase E. coli BW25113 
population. Zero value in the y-axis indicates that viable organisms were not 
recoverable during selection. #: The mutation rate in the 0.5X MIC condition was 
lower than 1 in 108 after 3 hours-induction. ND: no drug, 0.5X: Ciprofloxacin of 







Figure 6b. The effects of ciprofloxacin induction (25XMIC) on the emergence of 
ciprofloxacin-resistant isolates in a E. coli BW25113 population under starvation. 
Zero value in the y-axis indicates that viable organisms were not recoverable during 












Figure 6c. The effects of ciprofloxacin induction (25XMIC) on the emergence of 
ciprofloxacin-resistant isolates in a stationary phase E. coli BW25113 population. @: 
The mutation rate in the ciprofloxacin induction condition was lower than 1 in 108 
after 24 hours. Zero value in the y-axis indicates that viable organisms were not 








Figure 7a. The effects of ciprofloxacin induction (0.5X and 25X MICs) on the 
emergence of gentamicin-resistant isolates in a log phase E. coli BW25113 








Figure 7b. The effects of ciprofloxacin induction (25XMIC) on the emergence of 
gentamicin-resistant isolates in a E. coli BW25113 population under starvation. ND: 




Figure 7c. The effects of ciprofloxacin induction (25XMIC) on the emergence of 
gentamicin-resistant isolates in a stationary phase E. coli BW25113 population. ND: 





Figure Sa. The effects of ciprofloxacin induction (0.5X and 25X MIC) on the 
emergence of rifampicin-resistant isolates in a log phase E. coli BW25113 population. 
Zero value in they-axis indicates that viable organisms were not recoverable during 








Figure 8b. The effects of ciprofloxacin induction (25XMIC) on the emergence of 
rifampicin-resistant isolates in a E. coli BW25113 population under starvation. ND: 







Figure 8c. The effects of ciprofloxacin induction (25XMIC) on the emergence of 
rifampicin-resistant isolates in a stationary phase E. coli BW25113 population. ND: 







e;;J 24 ty 
Figure 9a. Changes in population density of a log phase E. coli BW25113 population 
subjected to ciprofloxacin induction (0.5X MIC and 25X MICs). ND: no drug, 0.5X: 







Figure 9b. Changes in population density when a E. coli BW25113 population under 






li2il 3 hr 
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Figure 9c. Changes in population density of stationary phase E. coli BW25113 








Figure 10. The effects of ciprofloxacin induction (0.5X MIC) on the emergence of 
ampicillin-resistant isolates in a log phase E. coli BW25113 population under 
starvation. Zero value in the y-axis indicates that viable organisms were not 
recoverable during selection. ND: no drug, Cip: ciprofloxacin. 
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Table 1. MICs of the test strains employed in the resistance induction assay and 
respective drug concentrations used in screening of resistant organisms in the agar 
and broth selection approaches (5X and 1 OX MIC of strain BW25113 respectively). 
Drug susceptibility range (mg!L) 
Strain Antibiotic 
Amp Cip Gen Rif 
BW25113 2 0.016 0.5 2 
MG1655 2 0.016 0.5 2 
!:lmutS 2 0.016 <2 
!:lrecA <0.002 0.5 <2 
Selection concentrations (mg!L) 
Agar (5X MIC) 10 0.08 2.5 10 
Broth (1 OX MIC) 20 0.16 5 20 
Amp: Ampicillin Cip: Ciprotloxacin Gen: Gentamicin Rif: Rifampicin 
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Table 2a. MICs of representative isolates recovered in solid agar gentamicin 
screening of bacterial populations (B W25113) which had been subjected to antibiotic 
induction at SOX MIC (unless stated otherwise). 
Strain 
BW25113 
Drug susceptibility range (mg!L) 













Drug Amp Cip Gen Rif 
ND 4S-8S 0.016S-0.032S 2S 4S-8S 
Amp# 4S-8S 0.0 16S-0.032S 1 S-4R 4S-8S 
Cip# ~ 1 S-8S 0.0 16S-0.032S 1 S-2S 4S-8S 
Gen# 4S-8S 0.0 16S-0.032S 1 S-4R 4S-8S 
Rif# 4S-16R 0.0 16S-0.032S 2S- > 4R 4S-8S 
Rif 2S-8S 0.016S 2S->4R 4S-8S 
Amp 8S 0.032S 2S 4S-8S 
Gen 2S-8S 0.0 16S-0.032S 2S- > 4R 4S-8S 
Rif 2S-8S 0.0 16S-0.032S 2S-4R 4S 
ND 8S 0.016S-0.032S 1S-2S 4S 
ND 4S-8S 0.016S-0.032S 2S-4R 4S 
Amp 8S 0.016S-0.032S 1 S-4R 4S-8S 
Cip 4S 0.032S 2S 4S 
Gen 2->4S 0.016S 2S-4R 4S-8S 
Rif 4S-8S 0.016S-0.032S 2S-4R 4S 
ND 8S 0.0 16S-0.032S 2S 4S-8S 
Amp 4S-8S 0.0 16S-0.032S 2S- > 4R 4S-8S 
Cip 4S 0.0 16S-0.032S 4R- > 4R 4S-8S 
Rif 4S-8S 0.032S 2S- > 4R 4S-8/S 
ND 4S-8S 0.032S 2S-4R 4S-8S 
ND 4S-8S 0.016S-0.032S 2S-4R 4S-8S 
Amp 8S 0.032S 2S->4R 4S-8S 
Cip 4S-8S 0.0 16S-0.032S 0.5S-4R 4S-8S 
Rif 4S-8S 0.016S-0.032S 2S- > 4R 4S-8S 
Stationary Phase-----------------------
ND < 1 S-4S 0.0 16S-0.032S 2S- > 4R 4S-8S 
Amp 8S 0.016S-0.032S 2S 4S-8S 
T24 Cip 4S-8S 0.032S 1S-4R 4S-8S 
Gen 2S-4S 0.0 16S-0.032S 0.5S- > 4R 4S-8S 
Rif 2S-8S 0.0 16S-0.032S 2S- > 4R 4S-8S 
#: Induction concentration at 0.5X MIC. 
S: Susceptible as defined by the selection concentration in Table 1 
R: Resistant as defined by the selection concentration in Table 1 
ND: No Drug 
Amp: Ampicillin Cip: Ciprofloxacin Gen: Gentamicin Rif: Rifampicin 
TO: Before induction T3: 3 hours after induction T24: 24 hours after induction 
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Table 2b. MICs of representative isolates recovered in solid agar rifampicin 
screening of bacterial populations (BW25113) which had been subjected to antibiotic 
induction at SOX MIC (unless stated otherwise). 
Physiological Incubation Induction 
Drug susceptibility range (mg/L) 
Strain Antibiotic 
Stage Time Drug Amp Cip Gen Rif 
TO ND 2S-4S 0.016S 0.5S-l S >64R 
Amp# 2S-4S 0.016S 0.5S-l S >64R 
Gen# 2S-4S 0.016S 0.5S-1S >64R 
T3 
Rif# 2S-4S 0.016S 0.5S-1S >64R 
Log Phase 
Rif 2S-4S 0.016S 0.5S-l S >64R 
Amp 2S-4S 0.0 16S-0.032S 0.5S-l S >64R 
T24 Gen 2S-4S 0.016S 0.5S-1S 64R->64R 
Rif 2S-4S 0.0 16S-0.032S 0.5S-l S >64R 
TO ND 2S-4S 0.016S 0.5S-l S >64R 
ND 2S-4S 0.016S 0.5S-1 S >64R 
>64R 
T3 
Amp 2S-4S 0.016S 0.5S-1 S 
Starvation 
Cip 2S-4S 0.016S ~0.125S-IS >64R 
BW25113 
Rif 2S-4S 0.0 16S-0.032S 0.5S-1 S 64R->64R 
ND 4S 0.016S 0.5S-1 S >64R 
T24 Amp 2S-4S 0.0 16S-0.064S 0.5S-1 S >64R 
Cip 4S 0.016S 0.5S-l S >64R 
TO ND 2S-4S 0.016S 0.5S-1S >64R 
ND 2S-4S 0.016S 0.5S-1S >64R 
Amp 2S-4S 0.016S 0.5S-1S >64R 



















S: Susceptible as defined by the selection concentration in Table 1 
R: Resistant as defined by the selection concentration in Table 1 








Amp: Ampicillin Cip: Ciprofloxacin Gen: Gentamicin Rif: Rifampicin 









Table 3a. MICs of representative isolates recovered in solid agar gentamicin 
screening of bacterial populations (B W25113) which had been subjected to 
ciprofloxacin induction at 25X MIC (unless stated otherwise). 
Drug susceptibility range (mg!L) 
Physiological Incubation Induction 
Antibiotic Strain 
Stage Time Drug Amp Cip Gen Rif 
TO ND 4S-8S 0.0 16S-0.032S 2S-4R 4S-8S 
ND 1 S-8S 0.0 16S-0.064S 0.5S-4R < 2S-64R 
T3 
Log Phase Cip# 2S-8S 0.016S-0.064S 1 S-2S 4S-16R 
T24 
Cip# 4S-8S 0.0 16S-0.032S 2S-4R 4S-16R 
Cip 2S-8S 0.0 16S-0.064S 1 S-2S 4S-16R 
TO ND 4S-8S 0.0 16S-0.032S 2S-4R 4S-8S 
ND 4S-8S ~ 0.008S-0.032S 0.5S-4R < 2S-8S 
BW25113 T3 Starvation Cip 2S-8S 0.0 16S-0.032S 2S-4R 4S-16R 
ND 8S 0.016S 2S 4S-8S 
T24 
Cip 4S-8S 0.0 16S-0.032S 2S- > 4R 4S- > 64R 
TO ND 4S-8S 0.0 16S-0.032S 2S-4R 4S-16R 
ND 4S-8S 0.016S-0.032S 2S- > 4R 4S 
T3 
Stationary Phase Cip 2S-8S <0.008S-0.032S 1S->4R <2S-16R 
ND 4S-8S 0.0 16S-0.032S 2S-4R 4S-8S 
T24 
Cip < 1 S-8S 0.0 16S-0.032S 2S- > 4R 4S-8S 
#: Induction concentration at 0.5X MIC. 
S: Susceptible as defined by the selection concentration in Table 1 
R: Resistant as defined by the selection concentration in Table 1 
ND: No Drug 
Amp: Ampicillin Cip: Ciprofloxacin Gen: Gentamicin Rif: Rifampicin 
TO: Before induction T3: 3 hours after induction T24: 24 hours after induction 
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Table 3b. MICs of representative isolates recovered in solid agar rifampicin 
screening of bacterial populations (BW25113) which had been subjected to 
ciprofloxacin induction at 25X MIC (unless stated otherwise). 
Drug susceptibility range (mg/L) 
Strain 
Physiological Incubation Induction 
Stage Antibiotic 
Time Drug Amp Cip Gen Rif 
TO ND 2S-4S 0.0 16S-0.032S 0.5S-1S >64R 
ND 2S-4S 0.016S 0.5S-2S >64R 
























2S-4S 0.0 16S-0.032S 
2S-4S 0.016S 
2S-8S 0.0 16S-0.032S 
2S-4S 0.0 16S-0.032S 
2S-4S 0.0 16S-0.032S 
2S-8S 0.016S-0.032S 
4S 0.016S 
4S-8S 0.0 16S-0.032S 
4S 0.0 16S-0.032S 
2S-4S 0.0 16S-0.032S 
0.5S >64R 
0.5S-1 S 64R- > 64R 
0.5S-2S >64R 
0.5S-2S >64R 
0.5S-1 S 64R->64R 






Cip 1 S-4S 0.0 16S-0.032S 0.25S-1 S >64R 
#: Induction concentration at 0.5X MIC. 
S: Susceptible as defined by the selection concentration in Table 1 
R: Resistant as defined by the selection concentration in Table 1 
ND: No Drug 
Amp: Ampicillin Cip: Ciprofloxacin Gen: Gentamicin Rif: Rifampicin 
TO: Before induction T3: 3 hours after induction T24: 24 hours after induction 
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Table 4. MICs of representative isolates recovered in solid agar ampicillin screening 
of a log phase bacterial populations (BW25113) which had been subjected to 
ciprofloxacin induction at 0.5X MIC. 




Time Drug Amp Cip Gen Rif 
BW25113 Log Phase T3 Cip 4S-16R 0.032S-0.128R ~0.125S-1S 4S-8S 
S: Susceptible as defined by the selection concentration in Table 1 
R: Resistant as defined by the selection concentration in Table 1 
Amp: Ampicillin Cip: Ciprofloxacin Gen: Gentamicin Rif: Rifampicin 
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